Development of the constitutive model of an Al–Mg alloy during the solidification and hot tearing prediction using FEM thermal stress analysis by 高井 量資
  
?????? Al–Mg????????????
FEM?????????????? 
Development of the constitutive model of an 
Al–Mg alloy during the solidification and hot tearing 
prediction using FEM thermal stress analysis 
 
 
 
 
2017? 2? 
 
 
 
??? ?? 
Ryosuke? TAKAI 
  
  
?????? Al–Mg????????????
FEM?????????????? 
Development of the constitutive model of an 
Al–Mg alloy during the solidification and hot tearing 
prediction using FEM thermal stress analysis 
 
 
 
2017? 2? 
 
????????? ???????? 
???????? 
???????????????? 
 
??? ?? 
Ryosuke? TAKAI 
??   
i 
 
?? 
? 1?? ??????????????????????????????????? 1 
1.1? ????????????????????????????????????? 1 
1.2? Direct chill(DC)?????????????????????????????? 2 
1.3? DC??????????????????????????????????? 4 
1.4? Al–Mg?????????????????????????????????? 5 
??????????????????????????????????????? 7 
 
? 2?? ??????????????????????????????????? 9 
2.1 ????????????????????????????????????? 9 
2.2? ????????????????????????????????????? 10 
? 2.2.1? ??????????????????????????????????? 10 
? 2.2.2? ??????????????????????????????????? 11 
? 2.2.3? ??????????????????????????????????? 14 
? 2.2.4? ??????????????????????????????????? 25 
? ? 2.2.4.1? ????????????????????????????????? 25 
? ? 2.2.4.2? DC(Direct chill)??????????????????????????? 33 
? ? 2.2.4.3? Shape casting??????????????????????????? 46 
2.3? ????????????????????????????????????? 51 
? 2.3.1? ??????????????????????????????????? 51 
? 2.3.2? ??????????????????????????????????? 52 
? 2.3.3? 1950???? 1990?????????????????????????? 54 
? 2.3.4? 1990????????????????????????????????? 60 
? 2.3.5? 1990????????????????????????????????? 67 
? 2.3.6? ??????????????????????????????????? 78 
2.4? ????????????????????????????????????? 81 
2.5? ????????????????????????????????????? 85 
??????????????????????????????????????? 88 
  
??   
ii 
 
 
?????? Al–Mg????????????????????? 
?????????? 3??? 4??? 5?? 
 
? 3? ?????? Al–Mg??????????????????????? 
????????????????????????????????????? 97 
3.1? ????????????????????????????????????? 97 
3.2? ????????????????????????????????????? 99 
3.3? ????????????????????????????????????? 100 
3.3.1? ??????????????????????????????????? 100 
3.3.2? ??????????????????????????????????? 101 
? 3.3.3? ??????????????????????????????????? 104 
? 3.3.4? ??????????????????????????????????? 106 
? 3.3.5? ??????????????????????????????????? 106 
3.4? ????????????????????????????????????? 107 
? 3.4.1? ??????????????????????????????????? 107 
? 3.4.2? ??????????????????????????????????? 108 
3.5? ????????????????????????????????????? 111 
? 3.5.1? ??????????????????????????????????? 113 
? 3.5.2? ?????????????????????????????????????
??????????????????????????????????? 115 
3.6? ????????????????????????????????????? 117 
??????????????????????????????????????? 119 
 
? 4?? ????????????? Al–Mg?????????????????? 
????????????????????????????????????? 121 
4.1? ????????????????????????????????????? 121 
4.2? ????????????????????????????????????? 124 
? 4.2.1? ??????????????????????????????????? 124 
? 4.2.2? ??????????????????????????????????? 125 
? 4.2.3? ??????????????????????????????????? 127 
? 4.2.4? ??????????????????????????????????? 129 
4.3? ????????????????????????????????????? 131 
? 4.3.1? ???–??????????????????????????????? 131 
? 4.3.2? ??????????????????????????????????? 133 
? 4.3.3? ??????????????????????????????????? 134 
??   
iii 
 
? 4.3.4? ??????????????????????????????????? 136 
? 4.3.5? ??????????????????????????????????? 137 
? 4.3.6? ??????????????????????????????????? 140 
? 4.3.7? ??????????????????????????????????? 142 
4.4? ????????????????????????????????????? 142 
??????????????????????????????????????? 144 
 
? 5?? ??????????? Al–Mg??????????????????? 148 
5.1? ????????????????????????????????????? 148 
5.2 ????????????????????????????????????? 150 
? 5.2.1? ??????????????????????????????????? 150 
? 5.2.2? ??????????????????????????????????? 150 
5.2.3? ???????????????????????????????????? 151 
5.3? ????????????????????????????????????? 154 
? 5.3.1? ????????????–?????????????????????? 154 
? 5.3.2? ??????????????????????????????????? 154 
? 5.3.3? ??????????????????????????????????? 156 
5.4? ????????????????????????????????????? 158 
? 5.4.1? ??????????????????????????????????? 158 
? 5.4.2? ??????????????????????????????????? 160 
? 5.4.3? ?????????????????????????????????????
??????????????????????????????????? 160 
5.5 ????????????????????????????????????? 164 
??????????????????????????????????????? 165 
 
  
??   
iv 
 
????? Al–Mg?????????????????????????? 
?? 6??? 7?? 
 
? 6?? ???????? Al–Mg?????????????????????? 166 
6.1? ????????????????????????????????????? 166 
6.2? ????????????????????????????????????? 168 
? 6.2.1? ??????????????????????????????????? 168 
? 6.2.2? ??????????????????????????????????? 169 
? 6.2.3? ??????????????????????????????????? 171 
? 6.2.4? ??????????????????????????????????? 171 
? 6.2.5? ??????????????????????????????????? 172 
? 6.2.6? ??????????????????????????????????? 173 
6.3? ????????????????????????????????????? 174 
? 6.3.1? ??????????????????????????????????? 174 
? 6.3.2? ??????????????????????????????????? 176 
? 6.3.3? ??????????????????????????????????? 179 
? ? 6.3.3.1? ????????????????????????????????? 179 
? ? 6.3.3.2? ????????????????????????????????? 179 
? 6.3.4? Al–5wt%Mg?????????????????????????????? 180 
? ? 6.3.4.1? ????????????????????????????????? 180 
? ? 6.3.4.2? ????????????????????????????????? 180 
? ? 6.3.4.3? ????????????????????????????????? 180 
? ? 6.3.4.4? ????????????????????????????????? 181 
? 6.3.5? Al–5wt%Mg?????????????????????????????? 181 
? ? 6.3.5.1? ????????????????????????????????? 181 
? ? 6.3.5.2? 25 °C? 447 °C(???????)??????????????????? 183 
? ? 6.3.5.3? 448 °C(???)? 570 °C(ZST)???????????????????? 183 
? ? 6.3.5.4? 570 °C(ZST)? 720 °C(??????)????????????????? 184 
? 6.3.6? ??????????????????????????????????? 185 
6.4? ????????????????????????????????????? 187 
? 6.4.1? ??????????????????????????????????? 187 
? 6.4.2? ??????????????(HTI)??????????????????? 188 
6.4.2.1? ????????????????????????????????? 188 
? ? 6.4.2.2? ??????????(HTI)?????????????????????
(HTS)??????????????????????????????? 188 
? 6.4.3? ??????????????????????????????????? 190 
??   
v 
 
? 6.4.4? ??????????????????????????????????? 193 
6.5? ????????????????????????????????????? 195 
??????????????????????????????????????? 196 
 
? 7 ?? ???????? Al–Mg ???????????????????????
????????????????????????????????? 199 
7.1? ????????????????????????????????????? 199 
7.2? ????????????????????????????????????? 201 
? 7.2.1? ??????????????????????????????????? 201 
? 7.2.2? ??????????????????????????????????? 201 
? 7.2.3? ??????????????????????????????????? 202 
? 7.2.4? ??????????????????????????????????? 202 
? 7.2.5? ??????????????????????????????????? 203 
7.3? ????????????????????????????????????? 204 
? 7.3.1? ??????????????????????????????????? 204 
? 7.3.2? ??????????????????????????????????? 207 
? 7.3.3? ??????????????????????????????????? 208 
? ? 7.3.3.1? ????????????????????????????????? 208 
? ? 7.3.3.2? ????????????????????????????????? 209 
? 7.3.4? Al–5wt%Mg?????????????????????????????? 209 
? ? 7.3.4.1? ????????????????????????????????? 209 
? ? 7.3.4.2? ????????????????????????????????? 210 
? 7.3.5? Al–5wt%Mg?????????????????????????????? 210 
? ? 7.3.5.1? ????????????????????????????????? 210 
? ? 7.3.5.2? 448 °C(???)? 570 °C(ZST)???????????????????? 212 
? ? 7.3.5.3? ????????????????????????????????? 212 
? 7.3.6? ??????????????????????????????????? 213 
7.4? ????????????????????????????????????? 214 
? 7.4.1? ??????????????????????????????????? 214 
? ? 7.4.1.1? ????????????????????????????????? 214 
? ? 7.4.1.2? ????????????????????????????????? 214 
? 7.4.2? ??????????????????????????????????? 215 
? 7.4.3? ??????????????????????????????????? 216 
? 7.4.4? ??????????????????????????????????? 218 
7.5? ????????????????????????????????????? 219 
??????????????????????????????????????? 220 
??   
vi 
 
 
? 8?? ?????????????????????????????????? 222 
 
APPENDIX????????????????????????????????? 228 
 
???? 
?? 
? 1?? ??   
1 
 
? 1?? ?? 
 
1.1? ?????????????????????????  
? ?????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????[1]????
??????????????????????????????????????
????????????????????????[2]?????????????
???? Al–Si ?????????????????????Fig. 1.1 ??JIS ???
??????????????????????????????????? 5000?
??????? 2000??6000??7000????????????????????
????????????????????????[4]????[5]????????
???????????????????5000 ?? 6000 ????????????
????????????????????????[2]??????????6000?
??????????????[2]??????????  
? ?????????????????????????????????????
??????????????????????????????????????
?????????????????????[6]?????????????????
??????????????????????????????????????
?????[5]? 
? 1?? ??   
2 
 
 
Fig. 1.1 Relation between strength and elongation for Japanese Industrial Standard aluminum 
alloys (the original graph is adopted from Ref. [3]). 
 
1.2 Direct chill(DC)??????????? 
? ?????????????????? Fig. 1.2 ???????????????
????? ?Fig. 1.3 ??? DC ???????????????????????
??????????????????????? DC ?????????????
??? Fig. 1.3??????????(Butt curl)????????(Butt swell)????
??????????????????????????????????????
?????????????????????????????  
? ????????????????????????????????????(Hot 
tearing)???????????????(Cold cracking)??????[9]??????
???????????????????????? Fig. 1.4 ??????????
??????????????????????????????????????
??????????????????????????????????????
? 1?? ??   
3 
 
??????????[12]???????????????????????????
???? DC?????????????????????????????  
 
Fig. 1.2 Typical DC cast: (a) sheet ingot and (b) extrusion billets used in the manufacture of 
modern aluminum wrought products [7]. 
 
 
Fig. 1.3 Schematic of typical casting defects in aluminum DC casting (the original concept is 
adopted from Ref. [8]). 
? 1?? ??   
4 
 
 
Fig. 1.4 Hot tearing in aluminum alloy DC casting ingot: (a) rectangular slab [10] and billet 
[11]. 
 
1.3?  DC ?????????????????????  
? ????????????????????????(i) ?????(ii) ?????
?????????????????  
(i) ???? 
? DC????????Fig. 1.3???????????(Sump)??????????
?????????????????????????[11]????????[12]??
????????????????? 
(ii) ????????????  
? ???????????????????????[13]????????????
????[14]???????????????[15]????????????????
??????????????????????????????????????
? 1?? ??   
5 
 
???????????????? 
? ?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????????????DC ?
??????????????????????????????????????
?????  
? ???????????????????????(FEM)???????????
???????? DC ?????????????????????????[11]?
??????????????????????????????????????
??????????????????????????????? 
 
1.4? Al–Mg???????????  
? 5000 ???????? Al–Mg ???????????????????????
??????????????????????????????????????
???????????????????????????5000?????????
??????????????????????????????????????
????????????5000 ???????????????????????
25 % [16]???????Fig. 1.5 ??????????????????? CRC 
(Constrained rod casting) ???????????????????????????
????????? Al–Mg???????? AA5182 ??????????????
?????????Al–Si?????????? A380??????????????
??????????????????????????????????????  
? 1?? ??   
6 
 
 
Fig. 1.5 Hot tearing susceptibility of wrought aluminum alloys and a casting alloy A380 
evaluated by the constrained rod casting [17–20]. 
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? 2?? ???? 
 
2.1? ?? 
 
? ?????????????????????????????????????
?????????????????  
?????????????????????????????(2.2 ?) 
???????????????????????????????????(2.3?) 
 
? ????2.2????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????  
? ?????????????????????????????????????
??????????????????????????????????????
??????????2.3???????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????????  
? ??? 2 ????????????????????? 2.4 ??????????
?????????2.5 ????????????????  
? ???????????????????????????????? 
? 2?? ????   
10 
 
2.2? ??????????????????????????
?? 
2.2.1? ????????????????? 
????????????????????????????????????1990
??????????????????????????????????????
???????????????????????????  
1. ???????????????   (2.2.2 ?) 
2. ??????????????   (2.2.3 ?) 
3. ??????????????   (2.2.4 ?) 
 
? ?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????  
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????2.2.4??????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????DC ????? Shape casting ????
????????????????????Shape casting ????????????
?????????????????????????????   
? 2?? ????   
11 
 
2.2.2? ???????????????  
? ?????????????????????????????????? 5??
????????????????????????? Table 2.1–2.5???????
?????????????????? Table 2.6 ????????????????
????????(Mushy zone)????????????????????????
??????????????????????????????????????
????????????????????????????????? 0.75–0.95?
??????????????????????????????????????
??????????????????????????????????????
?????? 
 
(1) ??????????????????????????(Table 2.1) 
(2) ???????????????????????????????(Table 2.2) 
(3) ??????????????????????????????(Table 2.3) 
(4) ????????????????????(Table 2.4) 
(5) ????????????????????????????????????
????????????????????????(Table 2.5) 
 
? (1)??????????????Ludwik ???????????????????
??????????????????????????????????????
?????????????????–?????????????????????
??????????????????????????????????–????
?????????????????????(2)?(3)???(5)??????????
??????????????????????????????????????
? 2?? ????   
12 
 
??????????????????????????????????????
????????????????? Norton–Baily?[49,50]?????????  
?? ? ??????????? ????   (2.2.16) 
? ? ????????????? ?    (2.2.17) 
????????????? ? ?????????????????????????????
?????????????????????????????[21–24,26–39]???? 
(2)–(5)?????????? Fig. 2.2.1 ?????? 
? (2)?????Drezet ?[15]?????????????????????????
?????????????????????????????????(2.2.16)? Norton–
Baily ???????Braccini ?[16]?????????????????????????????
???????????????????(2.2.17)???????????Haaften ?
[21]????????????????????????????????????
???????????????????????? ? ???????????????(2.2.16)
?????????????????????????????????????????
???????????????????????????????????????
?[51,52]????(2)?????????????????????????????
??????????????????????????????????????
????????????????????????????  
? (3)????????????????????????????????????
??????????[53–56]???????????????[25,37,38]??????
?????????[42]????????????? Table 2.3???(2.2.10)????
(2.2.11)????????????????(2)??????????????????
?????????????????????????????????????????
???????????????????????????????????????
? 2?? ????   
13 
 
???????????????????????????????????????
?????????????????????????????????????  
(4)??Table 2.1???(2.2.6)? Ludwik ????????????????????
?????????????????????????????????????????
??????????????????–???????????????????
??????????????????????????????????????
???????????????????–???????????????????
??????????????????????????????????????
??????????  
? (5)??Table 2.1 ???(2.2.5)?(2.2.6)????????????????????
??????????????????????????????????????
??????????????????????????????????????
????????????(m=1/neff=dlog?/dlog??=1)?????????????? 
 
 
Fig. 2.2.1 Schematic images of the constitutive models in the semi-solid state of alloy: (a) 
net stress in solid phase (b) cohesion of solid phase, (c) porous medium saturated with liquid, 
(d) stress simulation of direct FE microstructure, and (e) empirical fomula using mechanical 
properties of both solid and liquid phases. 
 
? 2?? ????   
14 
 
2.2.3? ?????????  
? ?????????????????????????????????????
???????????????????????????????????????
??????????????????????????????????????
???????? Eskin ?[57]????[58,59]?Li?[60]?????????????
??????????????????????????????????????
???????????????????????? 
? 2005 ?? Suyitno ?[18]?????????? DC ??????????????
??????????????????????????????????????
?????????????????????????Table 2.7 ?????????
????????? RDG ???[66]?????????????????????
?????? 
? ???? RDG ??????????????????????????????
??????????????????????????????????????
?????????????????????????????????Fig. 2.2.2??
??????????????????????????????????????
????????????????????????????????Fig. 2.2.2(a) ?
??????????????????????????????????????
??DC???????????????????  (Star shape crack) ????????
Fig. 2.2.2(b) ????????????????????????? (Circumferential 
strain) ???????2000???????????????? (Crack initiation) ??
???????Fig. 2.2.2(c) ??????????????????????????
???????????PSD (Porosity due to solid deformation) ??? ICS (Integrated 
crack strain) ????????? Shape casting ??? DC ????????????
? 2?? ????   
15 
 
?????????????????????????????? 
? ?(2.2.18)??2005?????????? Monroe ?????? PSD [37,66]????
??????[41]??????????????????[39]??????????
????????? 
?? ? ? ??????? ??????? ?? ? ? ???????
?? ? ?????? ? ??????????? ??   (2.2.18) 
??????????????????????????????????????
????????  
? ????(2.2.19)? 2006 ??? SINTEF ? University of Oslo ??????????
?[34]??? ICS???? 
????????? ? ? ??? ? ????? ??? ? ?? ? ?? ?????????????
????
????????    (2.2.19) 
??????????????????????????????????? ????????
??????????????????????????????????????????
???????????????????????? ??????????????
??????????????????(coalescence)??????????????????
?? ? ??????????????????????????????????
[28,34,35]???? 1???? 0?????????????????????????
PSD ??????????????????????SINTEF??????????
???????????????????DC?????????????????
??????????[28,34,35]? 
????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????
von Mises?????????????????????????????????
????????????????????PSD ???????? Table 2.3 ??
? 2?? ????   
16 
 
(2.2.11)??????????ICS?????????(2.2.10)??????????
??????????????????????????????????????
??????????????????????????????????????
?????????[53–55]??????????????????????von 
Mises???????????????????? P ?????????????
?? 
 
Fig. 2.2.2 Modeling of hot tearing using various type of strain: (a) maximum principal strain 
?11 for crack propagation, (b) circumferential strain ??? for star shape crack in DC casting 
billet and (c) volumetric strain ?volumetric for crack initiation. 
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  Table 2.6 List of symbols used in table 2.1–2.5 
Symbol Meaning 
?? 
?? 
?? 
?? 
?? 
? 
?? 
?? 
? 
?? 
?? 
?? 
???? 
?? 
????? 
?????? 
????? 
??? 
??? 
?? 
?? 
? 
H 
? 
???  
? 
?? 
?? 
?? 
? 
? 
?? 
??? 
??? 
Material parameter for creep model 
Material parameter  
Material parameter 
Material parameter 
Material parameter 
Material parameter represents cohesion of solid 
Material parameter 
Grain size 
Young’s modulus 
Young’s modulus for solid material 
Yield function 
Fraction of liquid 
Fraction of grain boundary area covered with liquid 
Fraction of solid 
Solid fraction at coherency temperature 
Solid fraction at coalescence temperature 
Solid fraction at zero strength temperature 
Normalized solid fraction 
Critical solid fraction where the Young’s modulus is set to a negligible small value 
Fraction of porosity 
Fraction of solid 
Liquid channel thickness 
Liner strain hardening coefficient 
Unit tensor 
Quadratic deviatoric stress invariant 
Consistency 
Consistency in solid phase 
Consistency of solid state 
Consistency of liquid state 
Material parameter 
Strain rate sensitivity coefficient 
Strain rate sensitivity in solid phase 
Strain hardening coefficient 
Stress exponent 
? 2?? ????   
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???? 
?? 
? 
p 
? 
? 
? 
? 
??? 
?? 
?? 
???? 
?? 
?? 
?? 
?? 
? 
? 
???? 
?? 
?? 
??? 
???? 
?? 
??? 
???? 
????? 
??? 
????? 
?? ?? 
?? 
?? 
? 
?? 
?? 
?? 
Effective power-law coefficient 
Power coefficient characterizing solid fraction dependence of the Young’s modulus 
Pressure 
Power-law coefficient in the Perzyna model 
Activation energy for creep deformation 
Gas constant 
Time 
Celsius temperature 
Absolute temperature 
Temperature of solidus 
Temperature of liquidus 
Coherency temperature 
Deviatoric effective stress tensor in solid phase 
Material parameter represents average isotropic resistance to plastic flow 
Material parameter 
Material parameter 
Strain 
Equivalent strain 
Equivalent viscoplastic strain 
Elastic strain 
Plastic strain 
Reference plastic strain 
Reference viscoplastic strain rate 
Strain rate 
Plastic strain rate 
Reference plastic strain rate 
Reference viscoplastic strain rate 
Equivalent strain rate 
Equivalent viscoplastic strain rate 
Plastic strain rate tensor in solid phase 
Hardening parameter due to solidification 
Material parameter in the Perzyna model 
Stress 
von Mises stress 
Material parameter 
Initial yield stress 
? 2?? ????   
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??? 
?? 
??? 
Dynamic yield stress 
Stress in solid state 
Yield stress in solid state 
?
2
?
?
?
?
?
?
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2.2.4?????????????? 
? ?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????? 
???????   1990?????? 
?DC ??  1990?????? 
?Shape casting  2000???? 
?????????????????(2.2.4.1 ?)?DC ??(2.2.4.2 ?)??? Shape 
casting(2.2.4.3?)??????????????? 
 
2.2.4.1? ??????  
? ?????????????????????????????????????
???????????????????????????????????Chandra
?[68]??????????????????????????1990 ???????
???????????????????????????????1990 ?????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
????????? 
? 1993?????? CEMEF? Decultieux ?[10]??Fig. 2.2.3(a)??? I beam???
??? Zn–8%Sn ???????????????????????????????
? 2?? ????   
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??????????????????????????????????????
???????????????????????????Table2.1 ???????
?????????????????E?K ??? m ??????????????
??????????????????? E ??????????????K???
???????? m ?????????????????????????????
??–?????????????? ?????????????????????
??????? 
 
Fig. 2.2.3 Hot tearing test mold and stress analysis result [10]. 
 
? 1996?? Modern Computational Technologies, Inc ? Chandra ?[69]??Fig. 2.2.4??
??????????????????(Nickel–Aluminum Bronze)?????????
????? I beam??????????????????????????????
??????????????[69]??????????Pellini ?????????
???????(Strain theory) [70]???????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????? 
? 2?? ????   
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??? ? ???
?
????? ??
  (2.2.20) 
???????????????????????????????????????????
????????????????????????????????????????
??????? 
??? ? ???   (2.2.21) 
????????????????????????????????????????
??????????? Fig. 2.2.5???????????????????????
?????????????????????????  
 
Fig. 2.2.4 I-Section casting and mold: (a) Dimensions (cm), and (b) Finite element mesh of 
quarter portion [69]. 
 
Fig. 2.2.5 Detailed view of the mechanical strain in the liquid film at the fillet of the I -
Section at 175 seconds [69]. 
 
? ????????????????????????2013???????????
? 2?? ????   
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??? ??????????????[5]????????????????????
I beam???????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????? 
? 1990 ???????????????????????????????????
??????????????????????????????????????
?????????????????????????????Fig. 2.2.6?????
?????????????????????????????  
 
Fig. 2.2.6 Hot tearing testing devices equipped with load cell to measure the load during 
solidification of alloy developed at (a) University of Queensland [71], (b) Helmholtz-
Zentrum Geesthacht [72] and (c) CANMET-MTL [73]. 
? 1997 ?????? CEMEF ? Decultieux ?[3]??Al–4.5%Cu–0.3%Mg–Ti ????
??????????????????????????????????????
??????????????????????????????????????
? 2?? ????   
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??????????????????????????????????????
??????????????????????????????????????
??????????????????? Fig. 2.2.7???? Calculation1 ?????
?????????????????? 5 ???????????????????
??????????????????????????????????????
??????????????????????????????????????
?? 2%??????????????????????????????????
?????????? Fig. 2.2.7? Calculation2 ?????????????????
??????????????????????????????????????
????????????  
 
Fig. 2.2.7 Comparison of experimental and calculated stresses during solidification [3]. 
 
? 2006 ?? SINTEF ? Stangeland ?[28]????????????????? Fig. 
2.2.6(a)??????????? Al–Cu ?????????????????????
????????????????????Martin ?????? Table2.3 ?? 2.2.10
???????????Fig. 2.2.8???????????????????????
???????????Al–Cu ???? Cu ??????????????????
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??????????????????????????????????????
??????????????????????????????????????
??????????????????????????  
 
Fig. 2.2.8 Comparison of calculated and experimental load at solidus for grain-refined alloys 
[28]. 
 
? 2010 ?? Iowa ??? Pokorny ?[38]????????????????????
Fig. 2.2.6(b)???????????? Mg–Al ?????????????????
?????????????????????????? Fig. 2.2.9????????
????????????????????????????????? Table 2.3?
?(2.2.11)??????????????????????????????????
???????????????????????????????????????
??????????????????????????????????????
????? 
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? 2?? ????   
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Fig. 2.2.9 Comparison of measured and predicted stresses at the sprue-rod junction for the 
Mg–9 wt% Al castings, together with the initial yield stress and solid fraction-temperature 
curves used in the simulations: Tmold = 773 K (500 °C) [38]. 
 
? 2013?? CANMET-MTL? He?[8]????????? Fig. 2.2.6(c)???????
??????????????????????????????????????
?????????????????????????Fig. 2.2.10? A356 ?????
???????????????????????????????????????
????? A356?????????(2.2.4)? Perzyna ??????????????
??????????????????????????????????????
????????????????? 
? 2?? ????   
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Fig.2.2.10 Measured and calculated loads at different mold temperatures [8]. 
.  
? 2?? ????   
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2.2.4.2? DC(Direct chill)?????????????  
? ?????????????????????1990??????? DC ?????
????????????????????????????????????? DC
???????????????????? Table 2.8 ??? Table 2.9 ??????
1996 ??????????? Katgerman ????[13]??????????????
??????????????????????????????????????
????????????????????????2010????????????
??????[20,36]?????????????????????????????
?[14]?????[2]?????????????????????????????
??????????????????????????????????????
??????????? 
? ?????????????(i)???????????????????????
????????(ii)??????????????????(iii)?????????
????????????????  
 
? ???????????????????????????????Fig.2.2.11??
? Table 2.8?Table 2.9??????????(Casting speed)????????????
????(Ramping procedure)???????????????????(Inlet geometry)?
??????(Start-up phase)??????????????????????????
??????? 
? 2?? ????   
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Fig.2.2.11 Schematic showing process parameters of which their effects on hot tearing 
prediction was investigated in previous studies; (a) steady state and (b) start-up phase. 
 
A.????(Casting speed) 
? ?????????????????????????????????????
1996 ?? Magnin ?[13]? Al–4.5%Cu ?????????????????????
???????Fig. 2.2.12???????????????????????????
????????????????????? ????????????????????
???????????2004 ?? Suyitno ?[17]??????????????Fig. 
2.2.13 ???????????????????????????????????
??????????????????????????????????????
????????????????????  
? 2?? ????   
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Fig.2.2.12 Prediction of hot cracking risk by comparison of ductility in semi-solid state with 
computed strain in the center of the billet for two different casting speeds  [13]. 
 
 
Fig.2.2.13 (a) Depth of sump and (b) length of mushy zone as a function of radial distance at 
steady state [17]. 
 
B.???????????????(Ramping procedure) 
? 2003 ?? M’Hamdi ?[32]?2004 ?? Suytino ?[17]??????????????
??????????????????????????????????????
?????????????? Al–4.5%Cu ?????????? 2D ???????
?????????????? Suyitno????? Fig.2.2.14???????????
? 2?? ????   
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??????????????????????????????????????
????????????????????????????? 
 
Fig.2.2.14 Effect of the change of casting speed at start-up phase of DC (Direct chill) casting 
on the circumferential viscoplastic strain distribution of the billet center (r=0) at solidus 
temperature [17]. 
 
C.???????? 
? 2005?? Sengupta?[14]??AA5182 ?????????????3D ??????
??????????????????????????????????????
?????????????????????  
 
D.???????(Inlet geometry) 
? ?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
2012?? Subroto?[35]??AA7050 ?????????? 2D ??????????
??????????????????????????????????????
? 2?? ????   
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??????????????????????????????????????
???????????????????????????????????????
?????????????????????????????????Table 2.10?
???????????????????????????????????
Fig.2.2.15 ?? Fig.2.2.16 ????Fig.2.2.15 ??Ingot 1–3 ????????????
??????????????????????????? Ingot 1 ????????
??????????????????????????????????????
??????Fig.2.2.16 ? Ingot 3 ???????????????????????
?????????(2.2.19)????????? ICS(Integrated critical strain)?????
????(r=0)????????????????????????????????
????????????????????Fig.2.2.17 ? Ingot 1–3 ????????
?????????????????Fig.2.2.17 (a)???????????????
?? ICS ????????????????Fig.2.2.17 (b)?????? 500 mm ??
?????????? CCS(Critical crack size)??????????????????
??????????????????????????????????????
Fig.2.2.17 (a)???????????????????? Ingot 2 ?????????
????????????? ICS???????????????????????
????????????????????????????? 
 
Fig. 2.2.15 Distributions of both solid fraction and flow, and sump shape of ingot by 
calculation [35]. 
? 2?? ????   
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Fig. 2.2.16 Calculation results of Ingot 3 in steady state (a) Temperature, (b) ICS (Integrated 
critical strain) (c) CCS (Critical crack size) distribution [35]. 
 
Fig. 2.2.17 Distribution of ICS (Integrated critical strain) and CCS (Critical crack size) in 
billet by calculation [35]. 
 
E.??????(Start-up level) 
? 2003 ?? M’Hamdi ?[32]??AA6060 ??????? 2D ???????????
????????DC ????????????????????????????
???????????????????????????????????2015?
? Bai ?[20]? AZ80 ??????? 2D ???????????????????
? 2?? ????   
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40–70 mm??????????????? 70 mm???????????????
??????????? 
 
F???? 
? ?????????????????????????????????????
??????????? DC ?????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????????[19]???????????
??????[44]??????????????????????????????
????????? 
 
(i) ??????????????????????? Suyitno???? 
? 2009 ?? Suyitno ?[19]??Griffith ?????????????????????
?????????????????  
??? ? ??????   (2.2.22) 
????? ? ??? ????   (2.2.23) 
????????? ??????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????  
? 2?? ????   
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?????????????Al–4.5 wt%Cu??????????????????
???????? Fig. 2.2.18?????????????????????????
???????????????????????????????????????
?????????????????(2.2.8)??????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?? 
 
(ii) ???????????????????????????? Jamaly???? 
? 2013?? Jamaly?[44]???(2.2.13)??? AA5182 ??????????????
???????????????Fig. 2.2.19 ??????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????? FE????????[46]
???????????–??????????????????????????
???????????–??????? Fig.2.2.20? Fig. 2.2.21?????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????  
? 2?? ????   
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Fig. 2.2.18 Hot cracking susceptibility as a function of the distance from the center, casting 
speed of:120 mm/min[19]. 
 
 
Fig. 2.2.19 Example of contour plots showing (a) grain size and (b) Hot tearing strain  [44]. 
 
? 2?? ????   
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Fig. 2.2.20 Critical features of three-phase semi-solid micro structure model: (a) Grain 
boundary liquid, (b) Rounded grain vertices, (c) Triple-junction porosity [43]. 
 
Fig. 2.2.21 Semisolid stress-strain response used in casting simulations for different grain 
sizes at solid fraction 0.98 and strain rate of 10-3 [46]. 
 
?
2
?
?
?
?
?
?
 
 
 
43
 
 
Ta
bl
e 
2.
8 
Pr
ev
io
us
 re
po
rts
 o
f h
ot
 te
ar
in
g 
pr
ed
ic
tio
n 
in
 D
C
 (D
ire
ct
 c
hi
ll)
 c
as
tin
g 
(P
ar
t 1
) 
 
 
C
or
e 
re
se
ar
ch
er
 
In
st
itu
te
 
A
llo
y 
So
ftw
ar
e 
O
bj
ec
t 
In
el
as
tic
 c
on
st
itu
tiv
e 
m
od
el
 
of
 a
llo
y 
in
 th
e 
se
m
i-s
ol
id
 
st
at
e 
H
ot
 
te
ar
in
g 
in
di
ca
to
r 
Pr
oc
es
s p
ar
am
et
er
s 
K
at
ge
rm
an
 
TU
 D
el
ft 
Pe
ch
in
ey
 C
en
tre
 d
e 
R
ec
he
rc
he
s d
e 
Vo
re
pp
e 
RW
TH
 A
rc
he
n 
A
l–
4.
5%
C
u 
M
SC
.M
A
R
K
 
2D
 B
ill
et
 
(2
.2
.6
) 
(2
.2
.8
) 
In
el
as
tic
 
st
ra
in
 
C
as
tin
g 
sp
ee
d 
[1
3,
17
] 
R
am
pi
ng
 p
ro
ce
du
re
[1
8]
 
G
ra
in
 si
ze
 [1
9]
 
M
o,
 
M
’H
am
di
 
SI
N
TE
F 
EP
FL
*1
 
A
A
60
60
 
A
LS
IM
 
A
LP
EN
 
2D
 B
ill
et
 [3
1–
34
] 
(2
.2
.1
0)
 
IC
S 
(e
q.
 
(2
.2
.1
9)
) 
C
as
tin
g 
sp
ee
d 
[X
] 
R
am
pi
ng
 p
ro
ce
du
re
 [3
2]
 
St
ar
t-u
p 
le
ve
l [
32
] 
U
m
ed
a,
 
N
ag
au
m
i 
U
ni
. o
f T
ok
yo
 
N
ip
po
n 
Li
gh
t M
et
al
 
Lt
d.
 
A
l–
M
g–
Si
 
A
N
SY
S 
C
A
PF
LO
W
 
2D
 B
ill
et
 [1
] 
3D
 N
ea
r n
et
 
sh
ap
e 
bi
lle
t [
2]
 
(2
.2
.2
) 
(2
.2
.3
) 
In
el
as
tic
 
st
ra
in
 
C
as
tin
g 
sp
ee
d 
C
oc
kc
ro
ft 
U
B
C
 *2
 
A
A
51
82
 [1
4]
 
A
Z3
1 
[4
] 
A
B
A
Q
U
S 
3D
 R
ec
ta
ng
le
 sl
ab
 [1
4]
 
2D
 B
ill
et
 [4
] 
(2
.2
.6
) 
(2
.2
.3
) 
In
el
as
tic
 
st
ra
in
 
C
as
tin
g 
sp
ee
d,
 
W
at
er
 c
oo
lin
g 
co
nd
iti
on
 
*1
 S
w
is
s F
ed
er
al
 In
st
itu
te
 o
f T
ec
hn
ol
og
y 
in
 L
au
sa
nn
e,
 *2
 U
ni
ve
rs
ity
 o
f B
rit
is
h 
C
ol
um
bi
a,
 
?
2
?
?
?
?
?
?
 
 
 
44
 
 
Ta
bl
e 
2.
9 
Pr
ev
io
us
 re
po
rts
 o
f h
ot
 te
ar
in
g 
pr
ed
ic
tio
n 
in
 D
C
 (D
ire
ct
 c
hi
ll)
 c
as
tin
g 
(P
ar
t 2
) 
   
C
or
e 
re
se
ar
ch
er
 
In
st
itu
te
 
A
llo
y 
So
ftw
ar
e 
O
bj
ec
t 
In
el
as
tic
 c
on
st
itu
tiv
e 
m
od
el
 in
 se
m
i-s
ol
id
 st
at
e 
H
ot
 te
ar
in
g 
in
di
ca
to
r 
Pr
oc
es
s 
pa
ra
m
et
er
s 
K
at
ge
rm
an
, 
M
’H
am
di
 
TU
 D
el
ft 
SI
N
TE
F 
A
A
70
50
 
A
LS
IM
 
2D
 B
ill
et
 [3
5]
 
(2
.2
.1
0)
 
IC
S 
(e
q.
 (2
.2
.1
9)
) 
C
as
tin
g 
sp
ee
d,
 
D
is
tri
bu
te
r, 
W
at
er
 c
oo
lin
g 
co
nd
iti
on
 
Ph
ill
io
n,
 
D
re
ze
t 
U
B
C
 
EP
FL
 *1
 
A
A
51
82
 [4
4,
45
] 
A
l–
3w
t%
C
u 
[4
5]
 
A
B
A
Q
U
S 
2D
 B
ill
et
  
(2
.2
.1
3)
 
In
el
as
tic
 
st
ra
in
 
C
as
tin
g 
sp
ee
d,
 
W
at
er
 c
oo
lin
g 
co
nd
iti
on
 
B
ai
, 
K
at
ge
rm
an
 
U
ni
v.
 o
f S
ci
. T
ec
h.
 B
ei
jin
g 
SI
N
TE
F/
TU
 D
el
ft 
A
A
70
50
 
- 
2D
 B
ill
et
 
(2
.2
.1
0)
 
In
el
as
tic
 
st
ra
in
 
G
ra
in
 si
ze
 [3
6]
 
B
ai
 
N
or
th
ea
st
er
n 
U
ni
ve
rs
ity
 
A
Z8
0 
- 
2D
 B
ill
et
 
(2
.2
.8
) 
In
el
as
tic
 
st
ra
in
 
St
ar
t-u
p 
le
ve
l [
24
] 
*1
 S
w
is
s F
ed
er
al
 In
st
itu
te
 o
f T
ec
hn
ol
og
y 
in
 L
au
sa
nn
e,
 *2
 U
ni
ve
rs
ity
 o
f B
rit
is
h 
C
ol
um
bi
a 
? 2?? ????   
45 
 
 
Table 2.10 Description of the casting process parameters for AA7050 alloy DC (Direct chill) 
casting and casting results [35] 
Process parameter Ingot 1 Ingot 2 Ingot 3 
Distributer / Inlet geometry Vertical Semi-horizontal Semi-horizontal 
Nominal casting speed, mm/min. 50 90 50 
Water flow rate, 1/min. 40 110 40 
Cracking status Hot tear Cold crack Healthy 
 
 
  
? 2?? ????   
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2.2.4.3 Shape casting ??????  
? ????????? DC?????????????????2000????? Shape 
casting ???????????????????????????????????
Beckermann ?[37–41,67]???????????????????????????
??????[74]?????????[75]?????????[76]?????????
?????????????????  
 
?????????????????  
? Beckermann ??????????????????(Caterpillar Inc.???)[41]??
???????????????????????????(Meridian Lightweight 
Technologies Inc.???)[39]?????????????????????????
???????????????????????????(2.2.1)????????
????????????(2.2.11)??????????????????????
????????????????(2.2.18)??? PSD?????????????
????????????????? 
? ???????????????? Fig.2.2.22????????????????
??????????????????????????????????????
???????????? AM60B ?? AZ91D ????? Fig.2.2.23???????
????????????????????????????????(Fig.2.2.24)?
???????????????????(Fig.2.2.25)??????????????
??????????????????(2.2.1)????(2.2.11)??????????
????????????????????????????????????????
??????????????????????????????????????
?????????????????????????????? 2.2.4.1??? Fig. 
? 2?? ????   
47 
 
2.2.9??????????????????????????[38]????????
???????????????????????????????????  
 
?????????????????  
2013??????????? Shi?[76]?????????? K418??????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????(?? HTI(hot tearing indicator ??))?
??????????????????????????? Fig. 2.2.26????HTI
??????????????????????????????????????
??? Fig. 2.2.27??????????????????????????????
??????????????????????????????????????
???????????????????  
? 2016??????????? Guo?[75]??????????????????
??????????????????????????????????????
?????????????????????????Fig. 2.2.28????????
??????????????????  
? 2011????????? Liu ?[74]?????????????????????
?????????????????????  
? ?????????????????????????????????????
??????????????????????????????????????
?????????????????????????  
? 2?? ????   
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Fig. 2.2.22 Hot tearing and damage porosity in sand casting of steel [41]. 
 
 
Fig. 2.2.23. Modification of geometry and alloy composition of control arm of magnesium 
alloy [39]. 
 
 
Fig.2.2.24 Predicted porous damage at end of casting cycle for (a) original AM60B design, 
and (b) revised AZ91D design (original image was adopted from Ref.39).  
? 2?? ????   
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Fig.2.2.25 Comparison between (a) experimental AM60B casting hot tearing (indicated by 
dotted line), and (b) simulated porous damage [39]. 
 
 
Fig. 2.2.26 Distribution diagram of stress field and hot tearing at 
shell temperature of 900 ? and pouring temperature of 1450?: (a) stress field; (b) index of 
hot tearing [74]. 
 
 
? 2?? ????   
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Fig. 2.2.27 Practical cracked area of casting: (a) turbine 1;(b) turbine 2; (c) turbine 3  [74]. 
 
 
Fig. 2.2.28 Distribution of hot tearing indicator: (a) original casting process, (b) after 
optimization [75]. 
  
? 2?? ????   
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2.3? ??????????????????????????
???????? 
 
2.2 ???????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????????????–??
????????????? Table 2.1?????????????????????
??????????????????????????????????????
??????????????????????????????????????
????????????????????????   
 
2.3.1? ????????????????????????  
? ?????????????????????????????????????
??????????????????????????????????????
??? Sigworth [77]??? Fig. 2.3.1??????????????????????
???????(Slurry)????????????????????????????
???????????(Bingham plastic flow)??????????????????
?????(Mushy zone)???????????????????????????
???????????????????????????  
? ?????????????????????????????????????
??????????????????????  
(i) ???????????????(Healing ??? Feeding)???????????
????????????????????[78]????????????????
? 2?? ????   
52 
 
??????????????????????????????????????
???????????????????????????????????????
?? 0.75–0.95???????  
(ii) ?????–???????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????  
 
Fig. 2.3.1 Relation between shear stress and shear rate at various solid fractions in partially 
melted rheocast Al–Si alloys. (Shear strain rates are 10-4, 102, 100 and 10-2 s-1.) [77]. 
 
2.3.2? ??????????????????????  
? ??????????????????????1950?????????????
??????????1990??????????????????????????
????????????????????2.2?????????????????
??????????????? 1990 ????????????????????
??????????????????????????????????????
? 2?? ????   
53 
 
????Fig. 2.3.2 ??????????(Test after partial remelting)?????(Test 
during partial solidification)???????????????????????? 4 ?
????????????????????????????????????  
 
(1) 1950???? 1990??????? 
(2.3.3 ?) 
(2)1990???????????????????????????  
(Table 2.3.1 ??? Table 2.3.2) 
(3)1990???????????????????????????  
(Table 2.3.3 ??? Table 2.3.4) 
(4)?????????????????????????????  
(Table 2.3.5) 
 
Fig. 2.3.2 Temperature histories of mechanical test in semi-solid state of alloy. 
 
 
? 2?? ????   
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2.3.3? 1950???? 1990??????? 
? Eskin?[57]????[79,80]?????????????????????????
??????????????????????[81]????[82–84]????[85]?
????[1,2]?????Fig.2.3.3 ???????????????????????
??????????????????????????????????????
???????? ZST(zero strength temperature)??????????? ZDT(zero 
ductility temperature)?????????????????????????????
??ZST ?????????????????????????????????[82–
84]????????? ZST ? ZDT ??????????????????????
??????????????????????[1,2]??????????????
???????????????2.3??????????????–???????
??????????????????????1990??????????????
?????????????????????–?????????????? 
 
Fig. 2.3.3 Example of temperature dependences of both strength and ductility in semi -solid 
state of alloy.
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2.3.4? 1990??????????????????????  
? ?????????????????? Fig. 2.3.3 ??????????????
???????????????Cortest tensile machine ????(Radiant furnace)?
Gleeble machine???????????????????????????????
???????????????????????????? Dynamic Mechanical 
Analysis (DMA)????????? MTS model ?????????? 
? ?????????????????????????????????????
?????????????????????  
 
????(????)??????????????? [15] 
??????????????????????(???)?????? [87,90,21] 
????????????????? [3,93,94] 
?????????????????–?????? [89] 
?X ??????????????? [91] 
 
Fig. 2.3.3 Schematic of devices for the tensile test after partial remelting: (a) Cortest tensile 
machine [87] (b) Gleeble 3500 [21] (c) device with high frequency induction coil [95] (d) 
device with infrared lamp [92,93,97]. 
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????(????)????????????????????????  
? 1994???????????? Drezet?[15]?????????????????
??????????????????????????????????????
?? Fig. 2.3.4????AA1201 ? AA3104??????????????(?????
?????)???????????????? ??????????????? 1 ???????????
????????????????????? . 
 
Fig. 2.3.4 Stress dependence of minimum creep rate for alloys: (a) AA1201 and (b) AA3104 
[15]. 
 
??????????????????????(???)?????????? 
[87,90,21] 
? 1996?? Chu?[87]??AA3004?AA2024 ??? AA7075 ???????????
???????????Fig. 2.3.5???????????????????????
??????????????????????????????????????
??????????????????????????????????????
???2008?? Phillion ?[90]? AA3104?AA6111 ??? Al–Mn?????????
??????????????????????????????????????
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???? 
? ????Haaften ?[21]???????????????????????????
???????????????Table 2.2 ??(2.2.9)?????????????????
????????? AA3104 ??? AA5182 ??????????????????
(??)????(????)???????? Fig. 2.3.6 ??????????????
??????????????????????????????????????
???????????????????????  
 
Fig. 2.3.5 Maximum stress for 3004, 7075 and 2024 alloy in semi-solid state as a function of 
(a) reduced temperature and (b) fraction solid [87]. 
 
 
Fig. 2.3.6 Strain rate vs. stress at the temperatures investigated of (a)  AA3104 and (b) 
AA5182. Open points, semi-solid data; solid points, solid state data. Lines show predictions 
of Eq. (3), solid state (—), semi-solid state (---) [21]. 
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?????????????????????  [3,93,94] 
? 1997 ?? Decultieux ?[3]??Al–4.5%Cu–0.3%Mg–Ti ?????????????
????????????? Fig. 2.3.7 ????????????????(????
??)????????????????????? 2013?????[93]? Al–4.5%Cu
??????????????????????????????????????
–??????????????????????????????????????
??????????????????????????????????????
????????????????????  
? ???????2011 ?? Levasseur?[94]???????????(DMA)?????
????? Al–5.8%Cu ????????????????????????????
??????????????????????????????????????
???????[95]? Al–5%Mg?????????????????  
 
Fig. 2.3.7 Evolution of Young's modulus in tension versus temperature for the Al–4.5%Cu–
0.3%Mg–Ti alloy as measured by the tension/compression test[3]. 
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?????????(as-cast ????? wrought ?)???????????????
????? [87] 
? 1997 ?? Spittle ?[87]??AA2024 ?????????????????????
?????????????????????????(As-cast)?????????
???????????????????(Wrought and Recrystallized)???????
???????????????  
 
?????????????????–?????????? [89] 
? 2005?? Colley?[89]? Gleeble 3500 ????????????????Fig. 2.3.8
??????????????????????????????????????
???????????????????? (2.2.24)????????????
AA5182 ???????????–?????????????? Fig. 2.3.9 ????
????????????????????Fig. 2.3.10 ??????????????
?????????????????????????????  
? ? ???? ?????   (2.2.24) 
????????????????????????????????  
 
Fig.2.3.8 Images acquired during testing at 500 ◦C and a strain rate of ?5.0 × 10-3 s-1: (a) 0.0 
s, (b) 38.0 s, (c) 89.0 s, (d) 92.0 s [89]. 
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Fig.2.3.9 True stress–true strain results for as-cast AA5182 at 571–582 °C under an initial 
applied strain rate of ~??? ? ????????  [89]. 
 
 
Fig.2.3.10 Variation in (a) tensile strength (b) ductility with temperature [89]. 
 
?X ??????????????? [91] 
? 2000 ??????????????????????????? X ??????
??????????????????????????????????????
??????????????????????????????????????
? 2?? ????   
66 
 
??????????????????????????????????????
???? 
 
? 1990 ??????????????????????????????????
????????????  
????????????????? ????????????????????????????????
? 1?????? 
????????????(???)??????????????????????
???????????????????????????????  
??????????????????????????????????????
????????????????  
??????????????????????????????????????
??–?????????????  
??????????????????????????????????????
?????????????????(as-cast)??????????????????
??????????????????????????????????????
????????????????????????????????????  
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2.3.5? 1990?????????????????????  
? ?????????????????? Fig. 2.311?2.3.12??? 2.3.13??????
??????????????????????????????????????
?????????????????????????????????? Fig. 2.3.13
???????mirror furnace ???????????????????????  
? ?????????????????????????????????????
??????????????????????????  
 
???????????????? [100] 
???????????????(???)??? [13] 
?????????????????????????????  [101,71,110] 
????????????????? [1,2] 
???????????????? [105,23] 
???–?????????????????????????????  [27.30] 
?????????????????????????–?????? [113,107,108] 
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Fig. 2.3.11 Schematic of devices for the tensile test during partial solidification with high 
frequency induction coil: (a) device developed at University of Tokyo [1,2], (b) device based 
on the Adamel DY34 machine developed at Universités de Grenoble [111] and (c) device 
developed at RWTH Aachen University [113]. 
 
 
Fig. 2.3.12 Schematic of casting type devices for the tensile test during partial solidification: 
(a) device developed at RWTH Archen University [13] and (b) device developed at 
University of Queensland [71]. 
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Fig. 2.3.13 Schematic of device for the tensile test during partial solidification using mirror 
furnace developed at KTH Royal Institute of Technology [105]. 
 
???????????????????????????????  
? ??????????????????????????????????
Flemings?[115]????[82]?Quingchun ?[116]?Dahle?[117]??????????
???????????1989 ?? Wisniewski ?[100]??Cu ?????? 3 ?? Al–
Cu ???? 550 °C ??????????????????????????(2.2.5)
???????????????????? m ?????????K???????
????Fig. 2.3.14 ???????????????????? Al–Cu??? m ??
??????????????????????????????????????
???????????????????????????????????????
Wisniewski ?????????????????????????????????
????? 
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Fig. 2.3.14 Average maximum stress versus strain rate at 823 K: (a) without grain refiner and 
(b) with grain refiner[100]. 
 
???????????????(???)???????????? [13] 
1996 ?? Magnin ? [13]? DC(Direct chill)????????????????
Fig.2.3.12(a)???????????????? Al–4.5wt%Cu ??????????
??–???????????????????(2.2.6)??? Ludwik ???????
??????????????????????????????????????
??????? Fig. 2.3.15??????????????????????????
??????????? Gleeble 1500 ?????????????????????
??????????????? ????????????????????????????????
????????????????Table 2.2 ? Table 2.3 ??? Table 2.4 ?????
??????????????????????????????????????
?????????Magnin ??????????????????????????
??????????????????????????????????????
???????????????????????????????????????
? 2?? ????   
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???????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
????????? 
Fig. 2.3.15 Optical rheological parameters ??????, ????,???? (??:semi–solid state, ?
?:solid state) [13]. 
 
???????????????????????????????  [101,71,110] 
? 1997?? Suvanchai ?[101]??Al–Si????Al–Si–Mg?????? Al–Cu???
???????????????????????2003 ?? Dahle ?[71]? Al–Cu?
??? Al–Si–Cu ????????????????????2014 ?? Pongsugitwat
?[110]??JIS ADC12?ADC5??? ADC6???????????????????
????????????????????????????(ZST)???????
(ZDT)???????????????????????????????????
?????? 
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????????????????????? [1,2] 
? 2002 ?? Nagaumi ???Al–Mg–Si ?????????????????????
–??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????  
 
????????????????[105,23] 
? 2004 ?? Kron ?[105]??Fig. 2.3.13 ????????? AA6061 ???????
???????Fig. 2.3.16 ??????????? 0.1? 1.0 K/s?????????
??????????????????????????????????????
????2010?? Giraud ?[23]??????????? 1.0? 20 K/s???????
?????????Fig. 2.3.17 ????????????????????????
?????????Kron ???????????????????????????
????????? AA6061 ???????????????Fig. 2.3.18 ?????
???????????????????? 1.0 K/s???????????????
?????????????????????1.0 K/s ??????????????
??????????????????????????????????????
?????????????????????????????????????  
(a)???????????????????  
(b)???????????????????? 
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Fig. 2.3.16 Tensile properties for AA6061 performed with “as solidified” samples at two 
cooling rates: (a) Ultimate tensile stress and (b) %True strain to fracture  [105]. 
 
Fig. 2.3.17 Peak stress as a function of solid fraction at a displacement  rate of 0.1 mm/s for 
the tensile tests carried out under various conditions (melting, solidification with a cooling 
rate of 20 and 1 K/s) [23]. 
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Fig.2.3.18 Cooling rate dependence of strength [105] and peak stress [23] in semi-solid state 
of AA6061 obtained under the cooling rate in the range of 0.1 to 20 K/s.  
 
???–?????????????????????????????
[27,30,111,112] 
? 2005?? Ludwig ?[27,30]??Al–2%Cu????? AA5182 ??????????
????Fig. 2.3.18 ????????–??????????????(2.2.10)???
????????Fig. 2.3.19 ?????????????????????????
??????–????????????????????–???????????
???????(2.2.10)??????????????????????????
2014?? Subroto?[111,112]? AA7050 ????????????????????
???????DC?????????????????????? ALSIM ???
?????????[35]????????? 
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Fig.2.3.18 Tensile behavior of partially solidified Al–Cu alloys: stress vs displacement 
curves from experimental data (continuous curves) and from the model (dotted curves) for 
various solid fractions [27]. 
 
 
Fig. 2.3.19 (a) Solid fraction distribution calculated by Abaqus for a solid fraction equal to 
0.94 in the middle of the tensile specimen. (b) Axial strain distribution calculated for the 
value of macroscopic displacement that corresponds to fracture. Due to symmetries, only a 
quarter of the longitudinal section of the specimen is represented. [27]. 
 
?????????????????????????–?????? [113,107,108] 
? 2009?? Dziallach ?[113]??Fig. 2.3.11(c)????????????????A356
?????–?????????????????????????????????
? 2?? ????   
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???????????Fig. 2.3.20(a)?????????????????????
??????????????????????????????????????
??????????????????????????????????????
??–?????????????????2007 ?? Mitchell ?[107]???????
??????????????????Fig. 2.3.12(b)??????????????
????????????????????????? Fig. 2.3.20(b)????2011?
????[108]?????[85]?????????????????????????
??????????????????????????????????????
?????? Fig. 2.3.20(c)???????????????????????????
?2 K???????????????????????????????? Al–Si?
??????????????????????????????????????
?????????????–???????????????  
 
Fig. 2.3.20 Visualization of surface of test specimen to obtain strain of alloy in the semi -solid 
state: (a) alumina gel for sleeve to retain molten alloy in the device shown in Fig. 2.3.11(a) 
[113], (b) image obtained using video camera in the device shown in Fig. 2.3.12(b) [107] and 
(c) image obtained using video camera in the testing device developed at Waseda university  
[108]. 
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Fig. 2.3.21 Maximum stress measured as a function of strain rate for the AA6056 alloy for 
the tensile test after partial solidification and during remelting,  fs=0.95 [22]. 
 
 
Fig. 2.3.22 (a) Microstructure after partial remelting test showing interdendritic eutectic 
films and intergranular eutectic pockets, (b) Microstructure after partial solidification test 
showing continuous intergranular eutectic films [22]. 
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??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????  
 
Fig. 2.3.23 Temperature dependences of strength and ductility obtained using tensile test 
during partial solidification and test after partial remelting [114]. 
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?????????? 
 
Fig. 2.5.1 First step of this study; experimental determination of the material parameter in the 
constitutive model of an Al–5wt%Mg alloy using true stress–true strain curve obtained under 
partial solidification. 
 
2.5.2 ????? Al–Mg?????????????????????????  
? ??????? Fig. 2.5.2???????????????? 2.5.2???????
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???????????????????????????????????? 
 
?6 ????2.4.1 ?????????????3 ??? 4 ????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????????? 
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?7 ????????????????????????????????????
??????????????????????????????????????
????????????????????5 ?????????????????
???????? 
 
 
Fig. 2.5.2 Second step of this study; hot tearing prediction using thermal stress analysis the 
Al–5wt%Mg alloy during the solidification and the experimental validation.  
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??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????[1,2]??????????????
??? 
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3.2? ?????????????? 
 
? ??????????????????????Fig. 3.1????????????
??????????????????????????????????????
???????????????????????????????????  
? ? ???   (3.1) 
??? ? ??????  (3.2) 
??????????????????????????????????????????
???? ?? ???????????????????????????????????
???????????????????????????????????
(Effective power law coefficient)???????[3]? 
 
Fig. 3.1 Schematic representation of elasto-creep model. 
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3.3? ??????????? 
 
3.3.1? ???? 
? ?????????? AA5182 ?????Al–5wt%Mg?? JIS AC7A ??????
???? Table 3.1??????????????????????????????
?????????????? X ???????????????????????
???????????????????????????????????????
???????????? Al–Mg ?????????????????? °C ????
???????????????????????Scheil–Gulliver???[4,5]????
?????Fig. 3.2?????????????????????? JMatPro ver8.0 (Sente 
Software Ltd.)???????????????????????? 
 
Table 3.1 Chemical composition (weight percent) of Al–5wt%Mg alloy (JIS AC7A) 
Alloy Cu Si Mg Zn Fe Mn Ni Ti B Al 
Al–5wt%Mg 0.033 0.093 4.702 0.018 0.179 0.411 0.008 0.012 - Bal. 
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Fig. 3.2 Temperature dependence of the solid fraction. 
 
3.3.2? ???? 
????????????????????????????????????
[6]???????????????[7]????????????????????
???????–???????????????????Fig. 3.3????????
???????????? Fig. 3.4??????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????? 
??????????????  
(1)??? 400°C ??????  
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(2)??????? 720 °C??????????? 
(3)?????????????????????????????(FASTCAM-
1024PCI; PHOTRON Ltd.)??????????????????????  
? ????????????????  
????? ? ??? ???????? ? ??  (3.3) 
???????? ? ??????    (3.4) 
???????????????? ???????????????????????????????
????????????Fig. 3.5???????????????????????
??????????????????????????????????????
??????????????????????????????(DIPP-Motion; Ditect 
Co. Ltd.)??????????????????????????? 3.3.3 ?????
???????? 
 
Fig. 3.3 Schematics of device for tensile test after partial solidification: (a) general view and 
(b) top view. 
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Fig. 3.4 Dimensions of test specimen for the tensile test after partial solidification.  
 
Fig. 3.5 Example of the image obtained using high speed video camera for measuring true 
strain. 
? ??????(3.5)?????? 
????? ? ?????? ? ????????? ? ??   (3.5) 
???????????????????????????204 ??????????????
????????????????Fig. 3.3?????? A-A’???? N ? 4???
????????????????????????(LRK-5kN/500N; NIPPON 
TOKUSHU SOKKI CO., LTD)?????????   
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3.3.3? ???? 
? ?????????????????????????????????????
?????????????????? Zero strength temperature (?? ZST)????
??????????????????????????????????????
??????????????????????????????  
? ???????????? 0.05 mm/s???????????????????
Fig. 3.6??????????????????????????????????
??????????????570 °C (???? 0.85??)???? 0 MPa????
???????????????? ZST ???????????????????
??????448–570 °C(fs: 1.0–0.85)????????? 
? ??????????????????????????? Fig. 3.7??????
??????????????????????????? 5 mm????????
???????????????????????????????? 5–6 mm??
?? 
? ?????????????????????????????????????
???? Fig. 3.8??????????????????????????? ZST ?
????????? 448–570 °C(fs: 1.0–0.85)??????????????????
?????????????? 2K????????????????? 
? ???????????????????? 0.46 K/s ?????????????
??(3.6)????? 
?? ? ????????????    (3.6) 
?? ????????????????????????????????????????
?????????????????????????????????????
???(3.1)???(3.2)????????????????????????????
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???????????(i)????????????(ii)????????????
????????????????????????????  
 
Fig. 3.6 Temperature dependence of the maximum true stress in partially solidified state of 
alloy. 
 
Fig. 3.7 Gage length dependence of the true strain rate at the maximum true stress: (a) 
obtained at 490 °C at the crosshead speed of 0.2 mm/s and (b) obtained at 520 °C at the 
crosshead speed of 0.05 mm/s. 
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Fig. 3.8 Temperature distribution of specimen in longitudinal direction where visualized 
using high speed camera. 
 
3.3.4? ???? 
? ????????????0.05 mm/s ????????????????????
???????????Fig. 3.3???????????????(Pull rod)????
?????????????–????????????????????????
?????????????????????????????????????
???????????????????????????3.3.3????????
????448–570 °C(fs: 1–0.85)?????????? 
 
3.3.5? ?????????????????  
? ????????????????–????????????????????
??????? 0.01 ?? 0.5 mm/s ??????????????????????
???????????????????? 
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3.4? ??????????????????? 
3.4.1? ????? 
? ?????????????????????–???????? Fig. 3.9 (a)??
??Fig. 3.9 (b) ?????????????????????????  (?????
???) ??????????????????????????????????
???? Fig. 3.10??????????????????????????????
?????????????????? 22 GPa?????????????????
?????? ZST ????? 570 °C???? 0 GPa??????????????
??????????????????????????????????????
??????????????????????????Fig. 3.9 (a)????????
??????????????????????????????????????
??????????????????????????????????????
?????????????  
 
Fig. 3.9 True stress–true strain curve under unloading test in partially solidified state at 
480 °C (Solid fraction: 0.947): (a) entire curve (b) magnification of unloading part.  
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Fig. 3.10 Temperature dependence of Young’s modulus in eq. (3.1). 
 
3.4.2? ????????????????????  
? Fig. 3.11 ?????????????–???????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????????????–????????
??????????????????(3.2) ??????????????????
??????????????????????????????????????
????????????????????????Fig. 3.12??????????
??????????????????????????????????????
?????????????????? ?? ??????????????? Fig. 3.13??
?????? ??????????????????????????????????
10?????????????????????????????????4–5???[8]
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???????????????????????? ????????????????
??????????????????????????????????????
????????????????????????????????? ???????
????????ZST ????? 570 °C???? 1???????????????
??????????????????????????????????????
?????????? ZST ??????????????????????????  
 
Fig. 3.11 True stress–true strain curves in partially solidified state at 530 °C (Solid fraction: 
0.914). 
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Fig. 3.12 Flow stress vs. true strain rate in partially solidified state of alloy.  
 
 
Fig. 3.13 Temperature dependences of effective power law coefficient neff and material 
parameter k in eq. (3.2). 
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3.5? ??????????????????????????
??????? 
 
? Al–Mg?????????????????Table 3.2?????????????
????????????????????????????[9–11]????????
?[12–16]??????????[10,17]????????????[18]???????
??????????????????????????????????????
?????????????????????  
(i) ????????????????????????????????????
??????????????????????????  
(ii) ????????????????????????????????????
????????????????????????  
?
3
?
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3.5.1? ???????????????????????????????  
?????? Al–Mg ???????????Colley?[14]???????????
?????????????????? AA5182 ?????????????? Fig. 
3.14 ??????????????????????[19]????????????
????????????????????????????????????(3.2)
???????????????????????Fig. 3.15???????????
??????????????????????????????????????
??????????????????????????????????????
???????????????? 5–6????????????????????
????????????????[8]?????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????????????[16]???????
?????????????????????????????  
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Fig. 3.14 Variation in tensile strength of AA5182 obtained using tensile test after remelting  
[14]. 
 
Fig. 3.15 Solid fraction dependences of creep parameters in Eq. (2.3) obtained using three 
types of material testing method: (a) effective power law neff coefficient and, (b) material 
parameter k. 
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3.5.2? ??????????????????????????????????
??????????????????????  
? ?????? Al–Mg????????????Ludwig ?[10]????????Fig. 
3.16 ?????????? Ludwig ??????????????????????
????????????? von Mises ????????????????????
??? 
?? ? ??? ???? ???? ? ?
?
? ????? ? ????
? ? ???? ? ????? ? ???? ? ?????? ? ?????? ? ???? ? ???? ? (3.7) 
???? ? ??? ????
? ????? ? ??? ??????
? ?? ? ?????? ?? ? ?????? ?????? ? ????
? ? ?? ?????
? ? ????? ? ????? ???     (3.8) 
??? von Mises??????????????????????????????????????????
????????????????????????????????????????
?????? ????????????????? 0 ??????????????????
????????????????????? 
?? ? ?????   (3.9) 
???? ? ??? ????
?    (3.10) 
Fig. 3.16 ?????? 0.95 ????????????????????????–?
??????????????????????????????????????
??????????????? ?(3.2)????????????????????
??????Ludwig ?????????????????????????????
????????????????? Scheil–Gulliver ??????????????
???Fig. 3.15???????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????? 0.95?????????????????
???????????????????von Mises ???????????????
? 3?   
116 
 
??????????????????????????????????????
??????????????????????????????????????
?????????????????????????–????????????
????????????????????  
 
Fig. 3.16 Shear behavior of AA5182 obtained using shear test during partial solidification 
[10]. 
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3.6? ?? 
 
? Al–Mg ????????????–?????????????????????
??????????????????????????????????????
??????????????????????????????????????
????????????????????????????????????????
????????????  
 
(1) ???????????????(????????)????????????
??????????–???????????????????????????
?????????????? 22 GPa?????????????????????
???????570 °C(fs:0.85)??? 0 GPa????????????????? ZST
??????????????????????????????????????
?????????????????????????????? 
 
(2) ????????????–????????????????????????
???????????????(3.2)?????????????????????
?????????????????????????????? ????????????????????
??????????????????????? ZST ??? 1 ?????????
??????????????????????????????????????
???????????????????????  
 
(3) ????????????????????????????????????
??????????????????????????????????????
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??????????????????????????????????????
?????????????????  
 
(4) ????????????????????????????????????
? 0.95 ??????von Mises ????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????  
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? 4?? ??????? Al–5wt%Mg????????
???????????????? 
 
4.1 ?? 
?  
2.4????????????????????????????????????
???????????????????????????? 
???????????????????????????????????????
??????????????????????????????????????
??????????????????????????  
 
? ???????????? Al–Mg??????????????????????
??????????? 
 
(1) ????????????????????–????????????????
????????? 
(2) ??????????????????????????????  
 
? (1)????????????????????? Al–Mg ???????????
??–??????????????????????????(4.1)????????
????????????????????????? ????????? ??????
??????? 
??? ? ??????   (4.1) 
???????????????????????????????????? 3 ????
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??????????????????????????????????????
??????????????????? 
???Al–Cu????????????????[1]????????????[2]?
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????????????? Al–
Mg?????????????  
? (2)????????????????????????????????????
??????????[3–6]?Table 4.1?????????????????????
??????????????????????????????????????
??????????[18]?????? X ???????????????????
???????????????????????????[19]?????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????Beshop ??
?????????????????Grandfield ?[16]??????????????
????Flemings?[8]?????????????????????????????
??????????????????????????????????????
?????????????  
? ??????????????????????? Flemings?[8]????????
??????????????????????????????????????
??????????????????????????????????????
????????????????????????[20]????????????
?????  
? 4?   
123 
 
Table 4.1 Earlier reported mechanism or dominant factor to reduce hot tearing susceptibility 
(HTS) by grain refinement of aluminum alloy 
Mechanism or dominant factor to reduce HTS by grain refinement Author 
Grain refinement increase the grain boundary area per unit volume and 
reduces the strain imposed on the liquid film at the individual 
boundary. 
Beshop et al.[7] 
Grain refined structure rather than coarse grain one can accommodate 
a larger amount of strain by the occurrence of grain boundary sliding 
(GBS) without the occurrence of cavities during solidification 
Flemings et al. [8] 
Novikov et al. [9] 
Braccini et al. [2] 
Grain refinement lowers coherency temperature. 
Reduction of the temperature range between the coherency and solidus 
should be a dominant factor to reduce HTS. 
Flemings et al. [8] 
Kubota et al. [10] 
Qingchun et al. [11] 
Dahle et al. [12] 
Grain refinement reduce the amount of contraction during 
solidification, which should be a driving force of the thermally 
induced deformation in mushy zone. 
Kubota et al. [10] 
Stangeland et al. [13,14] 
Li et al.[15] 
Grain refinement increases the critical strain rate at which hot tearing 
occurs by increasing the capillary pressure in the liquid film. 
Grandfield et al.[16] 
Grain refinement makes residual strain distribution more uniform, 
which is one factor to reduce HTS. 
D’Elia et al.[17] 
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4.2? ????  
 
4.2.1? ???? 
? ?????????? AA5182?????? 3????? Al–5wt%Mg?? JIS AC7A
?????????????????Al–5Ti–1B ?????????Table 4.2 ???
?????????????????????????????Ti ? B??????
??????????????????????????????????[21]??
????????????????????? 3 ??????Scheil–Gulliver ???
?????????Fig. 4.1?????????????????????? JMatPro 
ver8.0 (Sente Software Ltd.)????????????????????????  
 
Table 4.2 Chemical composition (weight percent) of Al–5 wt% Mg alloy (JIS AC7A) 
Alloy Cu Si Mg Zn Fe Mn Ni Ti B Al 
Base Al–5wt%Mg 0.033 0.093 4.702 0.018 0.179 0.411 0.008 0.012 - Bal. 
With grain refiner 0.038 0.104 4.584 0.016 0.178 0.409 0.012 0.066 0.008 Bal. 
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Fig. 4.1 Temperature dependence of the solid fraction.  
4.2.2? ???? 
3????????????????????????????????????
?????????????????–???????????3.3???????
????????? Fig. 4.2????????????????????????
??????????????????????????????? 
? ????????“A”????????????????????????????
??????????????±7.5 mm???????????? 
? ????????“B”????????????????????????????
??????Fig. 4.3 ????????????????????????????
??????????????????????????(4.2)??????????
?????? 
??? ? ???
?
????    (4.2) 
?? ? ?? ??????????????????????????? Table 4.3??
????????????????????? ?? ????????????????????
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?????????????????????????????????????????????
?????????? 10???????????????????????????
????“B”?????????????????????????????????
Table 4.3??N ? 4??????????????????????? ?(4.3)??
?????? 
????? ? ?????? ? ????????? ? ??   (4.3) 
?????????????????? 
? ??“C”??????????????????????????????????
?????????????????????????????????? 4.2.3 ?
????? 
 
Fig. 4.2 Dimensions of test specimen for the tensile test after partial solidification.  
 
Fig. 4.3 Grain morphologies of the test specimen obtained at the surface of section “B” 
marked in Fig. 4.2: (a) coarse equiaxial dendritic and (b) fine equiaxial dendritic structures.  
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Table 4.3 Average grain size and the area of the test specimen at the surface of section “B” 
marked in Fig. 4.2. 
 Un refined Grain refined 
Average cross sectional area, mm2 204 ± 8 201 ± 7 
Average grain size, ?m 637 ± 64 133 ± 23 
 
4.2.3? ???????????????????????????????  
? ????????????????????????????????(4.4)???
(4.5)???[22,23]??????  
???? ? ?????????? ?
??????????????????
??????    (4.4) 
?????? ? ???? ? ???????????    (4.5) 
???????????????????????? ??????????????????????
?????????????????????????????????????????????
??????????????????????????????????????
?????????(Percolation)[24,25]????????????????????
????? 
??????????? ? ?????? ? ????????????   (4.6) 
??????????????????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????  
 
???Fig. 4.4???????????????????????????????
??????????? 
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(a) ??????????????????[26] 
?????????????????????????????????????
?????????????????????????????????????  
???? ? ? ??    (4.7) 
?????????????????????????????? 1.4???????
????????????????? 1.1 ???[27]???????????????
???????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????  
(b) ????????????????????????????????[28,29] 
? ???????????????????????????? 1 ????????
??????????????????????????????????Rachinger 
[28]???????????????????????????????????????? 
??????????? ? ?? ?? ?? ?? ? ?   (4.8) 
???(4.5)?????????????????????????????????
???????????????????? 
? ?????Rachinger ?[28]?????????????????????????
????????????????????????????? 4.2.4 ??????
?????????????????????? 
?? ? ????????????? ?? ? ??????????????? ? ?? ?  (4.9) 
? ?? ????????????????????????????? ?
?
??
? ?????
??
???  ?? ? ??? (4.10) 
? ???? ??????????? ?
?
?? ? ?
?
???
??
??? ??
????? ??? ? ?
?
???
??
???
   (4.11) 
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?(4.9)????????????????????????????????????
????????????????????????????????????????????????
?????????????(4.10)???????????????????????Fig. 
4.2??????“C”????????? 
 
Fig. 4.4 Schematic of obtaining strain produced by GBS from; (a) step height of line at grain 
boundary scratched before testing using eq.(4.6) and (b) aspect ratio of grain after 
deformation using eq.(4.8) and/or eq.(4.11). 
 
4.2.4? ?????????????????????????? 
? ?(4.10)?????????????????????????????????????????
????????????????? 1????????????????????
???????? 1 ????????????????????????????????????
??????????????????????????????????????
?????????????????????????? 
?? ? ?? ?
???????????????? ?????? ????????????????? ???
?????????? ???
?
?????????? ???
?????????? ???
?
?????????? ???
   (4.12) 
u0??????????????? ???????????????? ?????? ???????????????? ?????????????
? ? ? ? ? ? ? ? ? ? (stochastic variable) ? ? ? ? ?? ???????????????? ??? ? ? ?
?? ???????????????? ??????????????????????????????????
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????????????????????????????????????????
??????????????????????????? u0??1.960??? 95 %?
2.576 ???? 99 %?????????????????????????????
????  
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4.3? ??????? 
 
4.3.1? ???–???? 
? Fig. 4.5????–?????????????????????????????
????????????????????????????? [3]????????
??????????????????????????????????????
???????? SS ????????????????????????????
??????[30]???????????????????????????????
?????? 
? Fig. 4.6?????????? 0.05 mm/s???? 10-2.5 s-1????????????
??????????????????????????????????????
????????? 570 °C??????????????????????????
??????????????????????????????????????  
[8,10–12]??????????????????????????????????
?????????????????????????????????????  
(1) ???????????????????????  
(2) 480 °C (fs: 0.939)???? 20 %??????????? 
????????????????????????????????????(4.1)
???????????????? 
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Fig .4.5 True stress-true strain curves in the partially solidified state of Al–5wt%Mg alloys in 
(a) coarse grain and (b) fine grain obtained at the tensile speed of 0.05 mm/s. 
 
 
Fig. 4.6 Variation in (a) the maximum true stress and (b) elongation with temperature 
obtained at the tensile speed of 0.05 mm/s.  
  
? 4?   
133 
 
4.3.2? ????????????????????????????????  
? ????? 3????????[31,32]?????????????????????
Fig. 4.7?????????????????????????????Fig. 4.7(a)??
? 3????????????????????????????????????
(4.1)????????????????????????? Fig.4.8 ????????
?????ZST ????? 570 °C ????????????????????????
?? 1 ?? 10 ???????????????????530 °C ?????????
?????????????? 1 ?? 4???????530 °C (fs: 0.904)??????
???????????????????????????????????????
??????????????????????????????????????
?????????????????????530 °C (fs: 0.904)??????????
????? 
 
Fig. 4.7 True stress vs. true strain rate in the partially solidified state of Al–5wt%Mg alloys: 
(a) coarse grain and (b) fine grain. 
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Fig. 4.8 Variation of creep properties with temperature in the partially solidified state of Al–
5wt%Mg alloys: (a) effective power-law coefficient neff and (b) material parameter k. 
 
4.3.3? ?????????????????????????????  
? 4.3.1??????????????????????????????????
??????????? ???????????????????????  
(1)????????????????????????????????????
?????????? ????????????????? ???????????? ? ???????????
?????????[33]???????[34]??????????????????
?????????????????????????????????????
??????????????????????????????????????
???????????????????????????????? 6?????
Fig. 4.8 ??????????????????????????????????
?????????????????????????????? 
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(2)??????? 480 °C (fs: 0.939)??????????????????????
????????????????????????????????????
(4.13)???? 
?? ? ????? ????????
???   (4.13) 
?? ??????????????????????????????,??????????
??? ?????? ?????? ????????????????????????? ?????????
??Table 4.4????????? ? ? ???????????????????3 ???
??? 1??????????????????????????? 
? ?????????????????????????????????????
480 °C (fs: 0.939)?????????? ? ??????(Fig. 4.8(a))???????????
??????????????????????????????????????
??????????????????????????????????????
??????? 50–70%???????????????????????? 480 °C 
(fs: 0.939)??????????????????????????????????
??????????????????????????????????????
???????480 °C (fs: 0.939)????????????????????????
??????????????????????????????????  
Table 4.4 Deformation mechanisms corresponding to each stress exponent in Al–Mg alloy at 
high temperature. 
Deformation mechanism Stress exponent ??? 
Dislocation creep [35,36] 3–5 
Superplastic (Grain boundary sliding) [35,37] 2 
Diffusion creep (Newtonian flow) [35,36] 1 
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4.3.4? ????????????  
? ?(4.4)?(4.11)??????????????? Fig. 4.8(a) ??? (A)–(D) ? 4?
???(???)??????????????Fig.4.9 ??????????????
???????????????????? 480 °C (fs: 0.939)?????????
??????????? 70%??????????????????? 50–70% [38]
?????????????Fig. 4.9?????"N1"?"N2"???????????
???????????????????????? ? ??????????????
480 °C (fs: 0.939)??????????????????????????????
??[35,37,38]????????????????????????? 480 °C (fs: 
0.934)??????????? 40%??????????????????????
??????????????????????????? 3 %?????????
????????????????? 
 
Fig. 4.9 Contributions of the GBS to deformation in the partially solidified state at each 
temperature. 
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4.3.5? ?????????????  
? ???????????? ???????????????Fig. 4.8(a)??? Fig. 4.9
???(A)–(D) ? 4??????????????????????? Fig. 4.10 ??
?? 
? (A)???????? 450 °C (fs: 0.951)??????????????????=4??
??Table 4.4???????????????????????????????
??????????????????????????????????????
???(4.11)???????????????????????????????????????
???????????480 °C (fs: 0.939)??????????  
? (B)???????? 480 °C (fs: 0.939)??????????????????=2???
??????? 70 %????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????(High strain rate superplasticity (HSRS))????
??????????????????????????????????????
???????????????????????????????????[39–
41]???? 10-2 s-1???????? 5 ????????????????????
??????????????????????????????????????
????????????????? 133 ???????????????????
??????????????????? 20 %????????????????
??????????????????????????????????????
??? 
? (C)???????? 530 °C (fs: 0.904)?????????????????? ???
?? 1???????????????????????????????????
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????????[42]????????????????????????????
??????????????????????????????????????
???????????????????????(Percolation)[24,25]??????
?????????? Fig. 4.10(C)??????????????????????
?????????????????????????????X ????????
??? Al–Cu???????????????????????[19]??????
(4.11)?????? 530 °C????????????????????480 °C??????????
????????????????????????????(4.6)????????
????????????????????????????????????????????????????
???????480 °C ??? 530 °C?????????????????????
????????????????530 °C?????????????? 480 °C?
????????????Higashi?[41]???????????????????
????????????????????????????????  
? Table 4.5????????????????????????????????
??"N1"?"N2"???????????????????480 °C??? 530 °C??
??????????????????????480 °C??? 530 °C ?????
???????????????????????????????????????????
530 °C??????????????480 °C ?????????????????
???? 
??????????????? ? ???? ? ???????????????   (4.14) 
??????????????? ???????????????? ?????? 530 °C? 480 °C????????????????
????530 °C??????? 480 °C????????????????????? 
?????????? ? ???? ? ??????????   (4.15) 
??????????????????????????? 530 °C? 480 °C??????????????  
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?(4.14)???(4.15)???480 °C??? 530 °C?????????????????
?????????????(4.16)?????? 
???????????????
??????????
? ??? ? ???????????
????
??????????
   (4.16) 
????(4.4)???????????????????????  
???? ? ? ? ?????????????????     (4.17) 
?(4.16)?(4.17)???530 °C (fs: 0.904)?????????????????480°C 
(fs: 0.939)??????????????  
? (D)?????? 480 °C (fs: 0.934)?????????????????? ? ??????
??????????????????????????????????????
???????[2,8]??????????????????????????
????????????????? 
Fig. 4.10 Deformation mechanisms estimated from the values of the coefficient neff and the 
contribution of GBS to deformation. 
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4.3.6? ???????????????????????? 
? ??????????????????(4.4)?(4.11)??????????????
???????????????????? 4.2.4 ???????????????
(4.12)????????????????????????????????????
??????????Table 4.5????????????????????????
?????????????*?**??? (4.10)???????????????
?? ???????????????? ?????????????????????? u0??530 °C??????
?????????????????????????????????? ??????????????? ??????
???????? ???????????????? ??????? 99%???????????????????
?????530 °C?????????? 1.960???????????????? 95%
?????????????????????????????????  
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4.3.7 ????????????????????  
4.3.4??? 4.3.5????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????  
?JIS?????????? [43] 
???????????????????????????????  [44] 
JIS???????????????????????????????????
??????????????????????????????????????
????????????????????%??????????????[43]?
??????????????????????????Fig. 4.6????????
?? 20%?????????????????????????????????
????????????????????????????????  
????????????????????????????????????
?? Fig. 4.11???????????????????????????????
??????????????????????????????????????
?????????????????????????????? 133 ?m? 10-2.5 s-
1????????????Fig. 4.11?????????????????????
??????????????????????????????????????
??????????????????????????????????????
??? 
????????????????????????????????????
??????????????????????????????????????
??????????????????  
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Fig. 4.11 ????????????????????????????????
???????????? [44]. 
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4.4? ?? 
 
? ???????????? Al–5wt%Mg ???????????????????
??????? ?????????????????????????????????
???????????????????????  
 
(1) ??????????????????????? ????????????????
???? 
 
(2) ????????????????????????????????????
???????????????? 1–10 ?? 1–4?????????????????
??????????? 
 
(3) ??????????480 °C (fs: 0.939)???? 20 %?????????????
??????????????? 3 %?????????? 480 °C (fs: 0.939)????
??????????????? ? ?????????????????????? 70 %?
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????? 
???????????????(2)?(3)???????????????????
??????????????????????????????   
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? 5?? ????? Al–5wt%Mg????????? 
??????????????? 
 
5.1? ?? 
 
? 2.4????????????????????????????????????
??????????????????????????????????????
?????????????????????????[1,2]???????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????Al–Mg?
?????????????????????(1)????????????????
?–???????????????????????(2)????????????
??? 
? (1)????????????????????????????????????
??????????????????????????????????????
????????–??????????????????????????????
????????????????????(5.1)????????????????
?????? 
??? ? ??????  (5.1) 
???????????????????????????? ????? ?? ?????????
??????????????????????????????????????
????????????????????????(Effective power law coefficient)?
??????[3]? 
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? (2)????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????  
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5.2 ???? 
 
5.2.1? ???? 
? ?????????? AA5182 ?????? 3 ???? 4 ????? Al–5wt%Mg
?? JIS AC7A ?????????? Table 5.1???? Fig. 4.1 ?????????
????????????? JMatPro ver8.0 (Sente Software Ltd.)?????????
???Scheil–Gulliver ???????????????????  
 
Table 5.1 Chemical composition (weight percent) of Al–5 wt% Mg alloy (JIS AC7A) 
Alloy Cu Si Mg Zn Fe Mn Ni Ti B Al 
Al–5wt%Mg 0.033 0.093 4.702 0.018 0.179 0.411 0.008 0.012 - Bal. 
 
5.2.2? ???? 
? ? 3????? 4 ????????????????????????????
?????????????????????????????–????????
???3.3??4.3??????????????????????? Fig. 5.1??
??????????????????????????????????????
???????????????? 300 °C? 500 °C??????????????
??????? 3????????????????? 400 °C?????????
??????????????????????????????????????
Table 5.2?????????????????????????????????
???????????5.3?????????????????????????
??????????????????????????????????????
???? 
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?? ? ????????????    (5.2) 
?? ?????????????????????????????????????????
????????????????????????????????Fig. 4.1??
????? 635 °C??? 448 °C????Fig. 5.1???????????????
??????448 °C??????????????  
 
 
Fig. 5.1 Dimensions of test specimen for the tensile test after partial solidification.  
 
Table 5.2 Average cooling rate of specimen during the solidification under various initial 
mold temperatures. 
Initial mold temperature, °C 300 400 500 
Average cooling rate, °C /s 0.78 0.46 0.24 
 
5.2.3? ??????? 
? ?????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????? 4 ???
??????????????????????????????????????
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??????????????????????????????????????
?????????????Fig. 5.1?????????????? A-A’?????
????????? 
????? 
? ???????????????????? 4.2.2 ???????????  
????????????  
? ?????????????????????????????????????
??????????  
????????? 
? ???????(Image pro; Media cybernetics, Inc)???????????????
??????????????????????????????????????
?????? 
? ????????????  
? ?????(i)?????????????????????(ii)????????
(448 °C)??????????????????????????????????
???(EPMA)?????????????????????????(ii)?????
Al–Mg??????????????????????????????????
? 20 %????????????????????  Al–Mg??????????
?????????(448 °C )?????????????????? 20 %????
??????????????????????????????????????
?????????????????Mg???? 20%???? Al–Mg?????
??Mg???? 35%?????????????????????EMPA ????
???????? 20%?? 35%???????????????????????
??????????????????????????????????????
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?????? 20%????????????Al–Mg??????????????
??? 
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5.3? ???? 
 
5.3.1? ????????????–????????????  
? ????????–??????????????? Fig. 5.2 ?????????
??????????????????????????????????????
????????????????????????????  
 
Fig. 5.2 True stress–true strain curves obtained under different cooling conditions at 
temperature of 490 °C and strain rate of ? ? ????????. 
 
5.3.2? ??????????????????????????  
? ?(5.1)??????????????????????????????????
?????–????????????????????????????????
? 3????? 4?????????–????????????????????
?????530 °C????????????????? Fig. 5.3 ?????????
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????????????????????????? ???????????????
??????????????????????????????????????
???????????????????? Fig. 5.4 ??????????????
?????????????? ???????????????????  
 
Fig. 5.3 True strain rate vs. maximum flow stress obtained under different cooling at 
temperature of 530 °C. 
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Fig. 5.4 Temperature dependence of the two creep parameters obtained under different 
cooling rate; (a) effective power law coefficient neff and (b) material parameter k. 
 
5.3.3? ???????????????  
? Table 5.3??5.2.3????????????????????????????
????????????????????????Table 5.4?????????
??????????????????????????????????????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????–????(5.4.1?)????????????(5.4.2?)???????
?????? 
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Table 5.3 Microstructure of specimen solidified under different cooling rate 
Cooling rate, K/s 0.24 0.46 0.78 
Grain size, ?m 622 637 613 
Secondary dendrite arm spacing, ?m 60 48 44 
% Porosity area fraction 15.3 16.5 15.9 
% Area fraction where Magnesium 
concentration exceeds 20 % 
0.11 0.12 0.36 
 
Table 5.4 Distribution of magnesium concentration in specimen solidified under different 
cooling rate 
Cooling rate, K/s 0.24 0.46 0.78 
wt % Mg 
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5.4? ?? 
 
5.4.1? ??????????????????????????? 
? Fig. 5.2 ?????????????????????????????????
???????????????Table 5.4???? 2?? Fig. 2.3.18 ???????
??????????????Kron???? [1] ????????????Giraud
????????[2] ????????????Giraud?[2]???????????
?????????????????????????????????????
??????????????????????????????????????
????????????????????Giraud?[2]????????????
???????? 
? ?????????????????????????????????????
??????????????????????????????????????
?????????????????????????????Table 5.3 ??? 5.4
??????????????????????????????????????
?????????????????????????????????????? 
(448 °C) ?????????????????????????????????
??????????????????????????????????????
???????????????  
? Table 5.4 ????????????????????????????????
??????????????????????????????? Kron ?[1]??
????? 1.0 K/s???????????????????????Giraud ?[2]?
1.0 K/s??????????????????????????????????
????????????????????????????????1.0 K/s ??
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??????????????????????????????????????
???????1.0 K/s ???????????????????????????
?????????????????????????????????Eskin?[4]
?????????????????????????Al–Cu??????????
??????????????????????????? 1.0 K/s ???????
???????????????????????????????????1.0 K/s
??????????????????????????????????????
???????? Al–Mg??????? 1.0 K/s ????????????????
????????????????????????????????????  
 
Table 5.5 Cooling rate dependence of strength and/or flow stress in semi-solid state of 
aluminum alloys 
Author Alloy 
Cooling rate,  
K/s 
Effect of cooling rate dependence of 
strength and/or flow stress 
Kron [1] AA6061 0.1, 1.0 
Higher cooling rate provides higher 
strength. 
Giraud et al. [2] AA6061 1.0, 20 
Higher cooling rate provides lower flow 
stress. 
This study 
Al–5wt%Mg 
(JIS AC7A) 
0.24, 0.46, 0.78 
Higher cooling rate provides lower flow 
stress. 
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5.4.2? ???????????????????????????????  
? 5.4.1??????????????????????????????????
?????????????????????????????????????
??????????? 5.4.2????????????????neff??? k???
?????????????????????5.4.3 ??????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??? 
? Fig. 5.4 ??????????????? neff??????????? k????
??????????????????????????????????????
??????????????????????????????????????
????? (neff=1) ?????neff???????????k??????????
??? 1 MPa????????????????????????????????
??????????????????????????????????k???
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????????????  
 
5.4.3? ??????????????????????????????????
???????????????  
? ?????? Table 5.3??? 5.4?????????????????????
??????????????????????????????????????
? 5?   
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??????????????????????????????????????
??????????????????????????????????????
???????Clyne–Kurz???[5]?????????5.3.3??????????
??????????????????????????????????????
??????????????????????????????????????
????????????????????[5,6]????????????????
??Clyne–Kurz???[5]????????????  
????? ? ? ???????? ?? ? ?
????
??????
???????? ??????? ?  (5.3) 
? ? ? ?? ? ????? ???? ?
?
? ?????
?
???   (5.4) 
? ? ????????       (5.5) 
???, ????????? , ?????????, ?? ????????, Ω?????
???????, ???????????????, ?? ??????, ????????
????????(DAS II)???. ??????????????????????
??(0? ? ?0.5)??????, ?????????????????. ???????
????????????????????????(? ? ?)??????(5.3)?
Lever-rule?????[5]????????(? ? ???)????????? Scheil–
Gulliver???[7,8]?????[5]?Fig. 5.5???(5.3)–(5.5)???????????
??????????????????????????????????????
Table 5.6?????????????????????????????????
???Al–4.7wt%Mg?????????????????????????? ??
??????????????????????????????????????
??????????????????????????????????[9]???
??Clyne–Kurz??????????????????????????????
? 470 °C????????????? 
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?  
? Fig. 5.4 ???????????????????????Clyne–Kurz?????
???????????????? Fig. 5.6????????[10,11]???????
?????????????????????????????????????
0.98??????????????  
???? ? ???????? ? ???????? ? ?? ? ???????????????
? ? ?  (5.6) 
???? ? ???????? ? ? ? ????? ? ??? ? ?   (5.7) 
? ?????????????????????????????????????
?????????????????????????????????  Fig. 5.6?
??????????????????????????????????????
?????????????????????????  
 
Fig. 5.5 Temperature dependences of Solid fraction calculated using the Clyne–Kurz model 
[5] of eq. (5.3)–(5.5). 
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Fig. 5.6 Solid fraction dependence of two creep parameter under various cooling rate; (a) 
effective power-law coefficient neff and (b) material parameter k. 
 
Table 5.6 Parameters used to calculate temperature dependence of solid fraction using the 
Clyne–Kurz model [5] of eq. (5.3)–(5.5) 
Average cooling rate ?? , K/s 0.24 0.46 0.78 
Local solidification time ??, s 835 448 267 
Secondary dendrite arm spacing ??, μm 60 48 44 
Solute diffusivity in the solid, ??, μm2/s 0.07 (470 °C) 
Equilibrium partition coefficient ??, - 0.35 
Parameter ? 0.0350 0.0493 0.0613 
Parameter ? 0.0350 0.0493 0.0611 
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5.5 ?? 
 
? ?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????? Al–
5wt%Mg ??????????????????????????????????
???????????????????????  
 
(1) ???????? 0.2? 0.8 K/s??????????????????????
????????????????????  
(2) ????????????????????????????????????
??????????????????????????????????????
??????????? 
(3) ????????????????????????????????????
???????????????????????????????????? neff
??????? 
(4) ?????????????neff??? k?????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????  
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? 6?? ????????? Al–Mg????????
?????????? 
 
6.1? ??  
 
? ?????????????????????????????????????
???????DC(Direct chill)?????????????? Al–5Ti–B??????
??????????[1]???????????????????????????
???????????????????  
?????????? [2] 
???? Al–Ti–B?????????????????????  [3] 
??????????????????????????????????????
??????????????????????????????????????
???????????????????????  
2.4 ???????????????????????????????????
?????????????????????????????????????  
(1) Suyitno ? [4] ??????????????????????????????
??????????????????????????????????  
(2) Jamaly ? [5] ???????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????????  
?????????????????? 4 ??????????????????
??????????????????????????????????????
? 6?   
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???????????????  
(i) ??????????????????? 
(ii) ????????????????????????????????????
?????????????????????????  
(iii) ?????????????????????????  
(iv) ??????????????????????????????????  
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6.2? ???? 
 
6.2.1? ???? 
? JIS AC7A Al–5wt%Mg????????????? Al–5Ti–1B?????????
????????????? Table 6.1?????????????????????
?????????? JMatPro ver8.0(Sente Software Ltd.)?????????????
?? Scheil–Gulliver ???[6,7]???????? Fig. 6.1 ?????????????
?? 633 °C??????? 448 °C ??????????????????? 800 °C
???????????????  
Table 6.1 Chemical composition (weight percent) of Al–5 wt% Mg alloy (JIS AC7A) 
Alloy Cu Si Mg Zn Fe Mn Ni Ti B Al 
Base Al–5wt%Mg 0.033 0.093 4.702 0.018 0.179 0.411 0.008 0.012 - Bal. 
With grain refiner 0.038 0.104 4.584 0.016 0.178 0.409 0.012 0.066 0.008 Bal. 
 
Fig. 6.1 Temperature dependence of the solid fraction for Al–5 wt% Mg alloy with and 
without grain refiner. 
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6.2.2? ???? 
? ???????????????????????6.4.2????????????
?????????? 6.3.3 ?????????????????????????
??????????????????????????????????????
????????????????????????????????[8–10]???
???Fig. 6.2???????????????? ???????????????
??????????????????????????????????????
?????????????????Fig. 6.2 ??????????????????
??????????????????????????????????????
??????????????????????????????????????
????????????  
? ??(gate)????(riser)??????????????????????????
??????????????????????????????????????
??????????????????????????????????????  
Fig. 6.3 ??????????????????????  10 mm?????????
??????????????????????????????????????
??????????????????????????????????????
??????????? 
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Fig. 6.2 Schematics showing the experimental device to obtain the thermal load during 
solidification and the hot tearing susceptibility of aluminum alloy.  
 
 
Fig. 6.3 Test specimen dimensions. 
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6.2.3? ????????????  
????????????????????????????[11,12]??????
5 ?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????–??????????? 3??? 4 ??????????????? 0.46 
K/s ????????????????????????? 430 °C????????
??????? 0.46 K/s ???????????????????????????
?????????????????????????????????????  
?? ? ????????????   (6.1) 
?? ??????? ????????????????????Fig. 6.1????????????
??????????????????????????????????????
?????????????  
 
6.2.4? ???? 
???????????????  
(1) ???? 720 °C ?????????????  
(2) ????????????????????  
(3) ????????????????????????????????????
? 448 °C(???????????)???? 350 °C ?????????????
?? 
(4) ????????????????????????????????????
???????????????????????????  
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????(HTS)??Fig. 6.4?????????[13]??????(6.2)???????
??? 
??? ? ???????????? ? ???   (6.2) 
????????????????????? ???????????? Fig. 6.3 ??? A-A’???
??????????????????????HTS??????????????
??????????????????????????? 4???????????
??????????????????????  
??????????????? Fig. 6.3 ??? A-A’?????????????
??????????(6.3)????????? 
??? ? ???
?
????   (6.3) 
?????????????????????????????????????? 4?
? 4.2.2????????????????????  
 
Fig. 6.4 Quantification of hot tearing susceptibility using eq. (6.2).  
 
6.2.5? ???????????????  
? Fig. 6.4??????????????????????????? y??? z??
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??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????? Fig. 6.3 ???
?? A-A’??????????????????????????????Fig. 6.2?
??????????????????????????????????????
???????????????6.3.1??????????????????????  
 
6.2.6? ???????????  
? ?????????????????????????????????????
?????????????????????? ?????????????Table 
6.1??????????????Fig. 6.3??????? 7???????????
??????????????????????????????????????
?????????????????????  
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6.3? ????? 
 
6.3.1? ???????????????? 
?? FEM ????? ABAQUS ver.6.14-5 ??????????????????
???????? Fig. 6.5 ????Fig. 6.2 ???????????????????
??????????????????????????????Fig. 6.5?????
??????????????????????????????????????
??????????????????????”???????? (Simplified rod)”
??????????????????????????????????????
??????????????? 6.3.3?????????????????????
?????????????????????????? 2 mm ? 6 ?? 1 ????
?????????? 46290 ?????????? 2 mm ???? 6 ?? 1 ????
??????????????????? 46290 ????? 
? 6.2.5??????????????????????????????Table 6.2??
Fig. 6.3?????????? A-A’???????????????????????
??????????????? 170–180 mm2??????????? 320 mm2??
?? 60%??????????????????????????????????
??????????????????????????????????????
??????????Fig. 6.6 ?????????????????????????
????????? 180 mm2?????????????????????????
??? 
? ??????????????????????? Table 6.3??????????
??????????????????????????????????????
??????????????????????(JMatPro8.0; Sente Software Ltd.)??
? 6?   
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?????? 
 
 
Fig. 6.5 Analytical model for thermal stress analyses: (a) general view and (b) front view 
showing the one-half symmetric plane. 
 
 
Fig. 6.6 Geometry of the external shrinkage in the test specimen: (a) side view of the cast 
specimen for the base alloy and (b) analytical model used for the two alloys with the 
different grain size. 
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Table 6.2 Experimental results of grain size, hot tearing susceptibility, and cross - sectional 
area of the specimen with external shrinkage 
 
Grain size,  
?m 
HTS quantified 
using eq. (6.2) 
(Average of four samples) 
Area of the section A-A’ in 
Fig. 6.3, mm2 
(Average of four samples) 
Al–5wt% Mg alloy 599 ± 14 32.2 ± 9 171 ± 8 
With grain refiner 134 ± 8 0 181 ± 3 
 
6.3.2? ????? 
? Fig. 6.7(a) ????????????????????????????????
?????????????? x ???????????????????????
–?????????????????????????Fig. 6.3 ????(4)–(7)? 4
???????????????????  
Fig. 6.7(b) ????????????????????????????????
??????????????????????????????????????
????????????????????????? Fig. 6.7 ???? ZST(zero 
strength temperature)???????????????????? 3 ????????
?????? ???????????????????????????????
Fig. 6.8 ??? Table6.3 ?????? 
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Fig. 6.7 Temperature history of the specimen during the solidification: (a) experimental 
result of the temperature distribution in the specimen and (b) comparison of the cooling 
curves produced from experimentally obtained result and the analytical one.  
 
 
Fig. 6.8 Boundary conditions for setting heat transfer coefficient around specimen; 
???through ?? are shown in Table 6.3. 
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?
 
Table 6.3 Heat transfer coefficient around test specimen (TP) used in the thermal analysis at 
each boundary shown in Fig. 6.8 
Symbol Boundary Heat transfer coefficient, W/m2K 
??? TP–Insulator 150 
??? TP–Insulator 4000 
??? TP–Mold 3000 
??? TP–Mold 2000 
??? TP–SR* 400 
??? TP–Air 
6 (0 ≤ t < 200 sec) 
1 (200 ≤ t < 1000 sec) 
??? TP–Air 
6 (0 ≤ t < 300 sec) 
8 (300 ≤ t < 500 sec) 
6 (500 ≤ t < 1000 sec) 
??? TP–Air 0 
* "SR" means the simplified rod. 
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6.3.3? ???? 
6.3.3.1? ???? 
? ?????????????????????????????????????
????Fig. 6.5???????????????1???????????????
???? x ????????2 ????????????????????????
?????????????  
 
6.3.3.2? ?????????????  
?????????????????????????????????????
????(HTI (hot tearing indicator))???????????????????? 
???????(6.4)?????????  
??????????? ? ???????????????????????? ? ????  (6.4) 
??????????????????????????????????? ???????Fig. 6.5???????? 4
???????? x ? x ????????????????????????????  
????????? (HTI)????????????  
??? ? ?????? ? ??????????
??? ? ? ? ?? ?    (6.5) 
???? ?????ZST ?????????????????????????????????
?????????????????????ZST ????????????????????
??? HTI??????????????? ZST ??????????????[14]
????????????????????????? ZST ?????????? Fig. 
6.1??????????? 570 °C? 448 °C?????????HTI???????
????????????????????????  
? 6?   
180 
 
6.3.4? Al–5wt%Mg????????  
6.3.4.1? ???????? 
????????? Al–5wt%Mg ??????????????????????
???????????????????????????????????????????
???????????????????????  
?????? ? ??? ? ?? ? ??   (6.6) 
??????????????????????????????????????????
?????????????????????????????????????(?
????? ? ?)?Al–5wt % Mg???????? 350 °C ????????–?????
????????[15]?????????????????????????????
?????????????????????????Fig. 6.7(a)?????????
400 °C ???????????????????????????????????
?????????? 
6.3.4.2? ?? 
?(6.6)?????????????????(6.7)?????? 
????? ? ?????? ? ????????   (6.7) 
???????????????(T)??????????????T?????????????
????????????Tref????????????? 25 °C ????? 
6.3.4.3? ??? 
? ?(6.6)??????????????????????????????????
????????????????  
??? ? ?????????? ???
????? ? ??????? ?????????   (6.8) 
?????????? ????????????????????????????????????
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???????????????????  
6.3.4.4? ????? 
? ?(6.6)?????????????????????????????????????
?(6.9)???????????? 
????? ? ???????    (6.9) 
?? ? ????? ? ?????????? ????????   (6.10) 
???? ? ??????????    (6.11) 
??????????????????(6.10)?(6.11)???????Mises ???????
?????? Norton–Bailey–Odqvist ???????????[16–18]????? ?? ??????
??????????????????????????????????????????
??????????????????????????????????????
???????????? ??????????????????????(6.9)–(6.11)????(6.12)
????????????  
????? ? ??
? ?
?? ???? ?
?
? ????????????????   (6.12) 
?????????????????????????????????????????
??????????????????????????  
 
6.3.5? Al–5wt%Mg?????????????????  
6.3.5.1? ?????????????????  
?????????????????????????????????????
??????????????Fig. 6.9 (a)?(b)???(6.8)???(6.9)???????
??????????????????????????????????Fig.6.10(a)
?(b)???(6.11)? Norton–Bailey???????????????????????????
??????????????????????????????????????
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??????????????????????????????????? ZST 
(570 °C)? 448 °C (???? ? ?? ? ?)?????[14]?????????????????????
???????????????????????????????? Table 6.4??
??????????????????????????????????????
??? Table 6.1?????????????????  
 
Fig. 6.9 Material properties of Al–5wt%Mg alloys: (a) Young’s modulus and elastic Poisson’s 
ratio used in eq. (6.8) and (b) thermal strain and average expansion coefficient used in eq. 
(6.7). 
 
Fig. 6.10 Creep properties of Al–5wt%Mg alloy used in eq. (6.11) for two different grain 
sizes: (a) stress exponent n and (b) material parameter A. 
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6.3.5.2? 25 °C ? 447 °C(???????)????????????  
? Fig. 6.9(a) ??????? Fig. 6.10 ????????????? ???????????
????????????? Al–Mg???????[15]????? ? ???? ? ???°C???
??????? 
 
6.3.5.3? 448 °C(???)? 570 °C(ZST)????????????  
? ?????(Fig. 6.9(a))?????????????(Fig. 6.10)?????????
??????????????????????????????????????
?????(Fig. 6.9(a))??????? 3??????? 637 ??m?????????
??????????????????????????????(Fig. 6.10)????
??? 3 ??? 4 ???????? 637 ??? 133??m ?????????????
????????????????????????????  
? ???????(Fig. 6.9)??????Eskin?[19]????????? Al–Mg???
????????????????????? Fig. 6.11?????????????
??????????[19,20]????Fig. 6.12?????? Al–Mg????????
??????????????????????????????????????
??????????? Al–4%Mg???????? ZST ??? 570 °C ??????
????????????????????? 0.2%??????[19]???????
???Fig. 6.9(b) ???????????????????????????????
?????????(6.7) ??????????????????????Al–Mg ???
?????????????????????????[21–23]??????????
??????????????????????????????????????
??????? 
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Fig. 6.11 Experimental device to obtain contraction of alloy during the solidification: (a) 
schematic illustration [19] and (b) photograph of the device [20]. 
 
 
Fig. 6.12 Composition dependence of contraction behavior of Al–Mg alloy superimposed on 
the phase diagram, dotted line shows the non-equilibrium solidus [19]. 
 
6.3.5.4? 570 °C(ZST)? 720 °C(??????)???????????? 
? ???????????????????????[14]????????????
?????????????????????????(ZST)??????????
??????????????????????????????????????
?????????????????????????????? ZST ??????
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? ?????(Fig. 6.9(a))???????????????????????? 10 MPa 
[5] ?????????????(Fig. 6.9(a))????????????Table 6.1 ??
??????????????????????????????????????
???????????????????? 0.5 ????????????????
??????????????????????????????????????  
?? ? ? ? ???   (6.13) 
??????????????????????? Fig. 6.9(a)???????0.5 ?
0.495?????? 
????????????(Fig. 6.10)?????????????????????
?? 
??? ? ???? ? ?   (6.14)  
??? ? ???? ? ??????  (6.15) 
????????????????????????????????????? 1 ??
????????????????????????????????????????
?????????????????? ZST ??????????????  
6.3.6? ????????????????????  
Fig. 6.5??????????????????????????????????
??? Table 6.4???????????????????????????????
??????????????????????????????????????
?????????????  
?
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6.4? ????? 
 
6.4.1? ???? 
?????????????????????????????????????
??????????? 
???????????????????(6.2)????(6.3)??????????
?????????????? Table 6.2????????????????????
????????????????????????????  
????????????????? Fig. 6.13????????????ZST ??
????????????????????????????? 6.4.2???????
???????????????????? 
 
 
Fig. 6.13 Comparisons of the thermal load with the calculated value obtained using eq. (6.4) 
and with the experimental one for Al–5wt% alloy: (a) coarse grain and (b) fine grain. 
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6.4.2? ???? HTI???????????  
6.4.2.1? ??????????????  
?????????????????????????????????????
??????????(6.4)???????????????????????????
????????? 6.4.2.2 ?????????????(HTI)??????????
????????(HTS)?????? 
Fig. 6.13?????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??? 80%?????????????????????????????????
????????????????????????????????????  
?????????????????????????????????????
???????????????????????????? 6.4.2.2 ???????
????????????????????(HTI)????????????(HTS)?
?????????????????  
 
6.4.2.2? ????????(HTI)?????????????????????(HTS)
??? 
? ?????????? Fig. 6.6 ???????????????????????
??? Fig. 6.14 ?????????????????????????????Fig. 
6.4 ????????????????????????????????????
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?????????????????????????????????????
(HTI)???(6.5)???????????????????????? 
? Fig. 6.15 ????? HTI ???????????HTI ?????????????
?????????????Table 6.2?????????????????????
????????????????????  
? ?????????????????????????????Fig. 6.14????
????????????????????  
 
Fig. 6.14 Contour plot of the maximum principal strain of the creep component of the test 
specimen marked in Fig. 6 at the end of the solidification of Al–5wt% alloy: (a) coarse grain 
and (b) fine grain. 
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Fig. 6.15 Comparison of the hot tearing indicator (HTI) obtained using eq. (6.5) for coarse 
grain alloy and fine grain alloy. 
 
6.4.3? ???????????????????  
? Fig. 6.16??Fig. 6.14????????????ZST ?????? x ??????
??????????????????????????????????????
??????????????????????????????????????
??????? ???????????????????????????????
??????????????????????????????????????
?????????????????????????[24]?????[25,26]????
???????????????????????????  
(a) ???????????????????? Backofen [25]???? 
(b) Considère ???????[27]????????????????? Hart [26]??
? 
(a) Backofen [25]???? 
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Backofen [25]????????????????????????????????
????????????????????????????????? 
? ? ???? ? ?????   (6.16) 
?? ? ??
??
?? ? ?
?
?
????
??    (6.17) 
??????? ? ?
?
??
??? ? ?
???
????? ?
?  (6.18) 
??????????F ? ATP???????????????????? ? t ???
???????????(6.16)?(6.17)????(6.18)???????(6.18)??????
???????? m ???? ATP ???????????????????-dATP/dt
???????????????????   
? ???????????????????????????????????? ATP
????????????????????????????????m ?????
??????????????????????????????????????
?????????????Fig. 6.6(b)?????????????????????
??????????????????????????????????????
??????????? m ?(=1/n)????????????(6.18)???? F<K??
???????????????????-dATP/dt ?????????????????
Hart[26]???(6.16)?????F? K??????? m ?????????????
??????????????????  
(b) Hart??? [26] 
? Hart [26]??????????????????????? Considère ??? [27]
????m ?????????????????Considère????????????
?? 
? ? ??
??
?? ? ?   (6.19) 
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? ? ?????????????????????????????????
??
?? ? ????
?????????Hart[26]??????????????????????????
??????????????????[28]??????????????????  
? ?? ? ?   (6.20) 
??????????????????????????????????????
? m=0???(6.20)??(6.19)? Considère?????????????????????
????????m ????????(6.20)???????????????????
????????????m ?????????????????????????
????????? 
??????????????????????????????????????
????????????????????????  
?????????? m(=1/n)?????????????????????????
?????????????????  
??????????????????????????????????  
 
Fig. 6.16 Creep strain distribution of the test specimen accumulated from ZST of Al–5wt% 
alloy: (a) coarse grain and (b) fine grain. 
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6.4.4? ?????????????????????????????????  
? 6.4.2??????Fig. 6.15???????(6.5)????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????????????Magnin ?[29]???
?[30,31]??????????? Prokhorov[32]?????????????????
??????????????????????????????????????
??????????????????????????????????????
????????????????????????????????????  
? ???????????Fig. 6.15??????????????????????
????????????????????????????????? Table 6.2?
??????????????????????????????????????
??(6.21)?????? 4???????????(Fig. 4.6 (b))????? 
??????????? ? ???????????????   (6.21) 
? Fig. 6.17?????????????????????????????????
?? (Fig. 6.15) ??????????????????????520 °C?????? 
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
????????????????????????????????  
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Fig. 6.17 Prediction of occurrence of hot tearing by comparison of elongation in semi -solid 
state and calculated maximum principal strain: (a) coarse grain and (b) fine grain.  
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6.5? ???
?
????????????????????????????????????
Al–Mg??????????????????????????????????
???????????????????????? 3 ????? 4???????
????????????????????????????????  
 
(i) ???????????????????? ?????? ???????????????????
??????????????????????????????????????
??????????????????????????????????????
?????? 
 
(ii) ????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????
??  
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? 7?? ???????? Al–5wt%Mg??? 
?????????????????????????
??????????? 
 
7.1? ?? 
 
? DC ?????????????? Shape casting ???????????????
??????????????????????????????????????
????[1–3]????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????? 
(A) ?????????????  
(B) ?????????????????????  
 
(A)?????????????????????????????????????
???????????????????????????????????Suyitno
?[1]?????????? DC ????????????????Fig. 2.2.13 ???
????????????????????????(Sump)???????????
?????????????????????????? r ???????????
??????????????????????????????????????
???????????????????????????Shape casting[2,3]????
??????????????????????????????????????
???????????????  
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(B)?????? 2?????????????????????????  
????????????????????[4,5]? 
?????????????????????????????????????
[1,6]????????????????????????????????????
???????????????????  
 
??????????????????(A)??????????????????
??????????????????????????????????(B)???
??????????????????????????? (A)?(B)???????
??????????????????????????????????????
?? 
? (B)?????????????????????????????? 5 ????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????????????????
??? 2??????? 
 
(i) ????????????????????????????????????
????????? 
(ii) ?????????????????????(A) ?????????????
?(B) ?????????????????????  
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7.2? ???? 
 
7.2.1? ???? 
? ?????????? AA5182 ???????????????????????
????? 5 ????? Al–5wt%Mg ?? JIS AC7A ?????????? Table 7.1
???? 
Table 7.1 Chemical composition (weight percent) of Al–5wt%Mg alloy (JIS AC7A) 
Alloy Cu Si Mg Zn Fe Mn Ni Ti B Al 
Al–5wt%Mg 0.033 0.093 4.702 0.018 0.179 0.411 0.008 0.012 - Bal. 
 
7.2.2? ???? 
? 6 ????????????????????????????????????
????????????????Fig. 6.2???????????????????
??? 6.2.2?????????????????????????????????
????????????  
 
???????????????????  
? 7.4.2???????????????????????????????????
??????????????????? 
????????????  
? ????????????????????????[7–10]??????????
??????????????????????????????????????
??????[8–10]?????????????????????????????
??????????????????????????????????????
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??????(HTI)???????????  
 
7.2.3? ????????????  
? 6.2.3???????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????–????????? 5 ???????????????? 0.24, 0.46
??? 0.78 K/s???????????????????????????????
? 360, 430 ??? 520 °C ????????????????? 0.24, 0.46 ??? 0.78 
K/s ????????????????? 3 ??????????????????
????????????????????5 ???? 6 ????????????
?????? 
?? ? ????????????   (7.1) 
?? ??????? ????????????????????Fig. 6.1 ?????????
??????????????????????????????????????????
????????????????  
 
7.2.4? ???? 
? ?????? 6.2.4?????????????????????????????
Fig. 6.4 ?????????[11]??????(7.2)??????????  
???????????? ? ???????????? ? ???   (7.2) 
? ?????? 6 ???(6.2)???????? HTS(hot tearing susceptibility)????
???????????????????????(HTS)????????? 6???
??????????????????????????????????????
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????(7.2)????????(HTS)???? Crack ratio ????????Crack ratio
?????? 6.2.4?? HTS????????????????????  
? ?????????????????????????????????? 6??
Fig. 6.3 ?????????? A-A’??????????????????????
?????????????????? 5.2.3?????????????????  
 
7.2.5? ???????????  
? ?????????????????????????????????????
?????????????????????? ?????????????7.2.3?
?????????????? 3 ????Fig. 6.3??????? 7 ????????
??????????????????????????????????????
??????????????????????????  
  
? 7?   
204 
 
7.3? ????? 
 
7.3.1? ???????????????? 
? 6??????? FEM????? ABAQUS ver.6.14-5?????????????
???????????????????? Fig. 7.1 ??????????????
????? Fig. 7.2?????????????????? Fig. 6.2????????
???????????????????????????????????????
?????6?? Fig. 6.5?????Fig. 7.1??????????????????
??????????????????????????????????????
?????????”????????(Simplified rod)”????????????
2mm???? 6?? 1 ?????????????????? 46290????? 
? ????????????????????? Table 7.2????????????
??????????????????????????????????????
?????????????(JMatPro8.0; Sente Software Ltd.)????????  
 
Fig. 7.1 Analytical model for thermal stress analyses: (a) general view and (b) front view 
showing the one-half symmetric plane. 
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Fig. 7.2 Analytical model of the specimen used for various initial mold temperature. 
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7.3.2? ????? 
? ?????????????????????????????????????
?????????????????????????????????????
0.46 K/s (?????? 430 °C)??????????? Fig. 6.3????(4)–(7)? 4?
?????????????????????? Fig. 7.3(a)???????????
??????????????? 0.24 K/s? 0.78 K/s???????? Fig. 7.3 (a)?
??????????????????????????????????????
?????????????????? ZST ? 570 °C ???????? 3 ????
????????? 0.46 K/s ???????????????????? 
 
 
Fig. 7.3 Temperature history of the specimen during the solidification: (a) comparison of the 
cooling curves produced from experimentally obtained result and the analytical one and (b)  
cooling rate dependence of the temperature distribution of the specimen when the 
temperature of the center reaches to 520 °C. 
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7.3.3? ???? 
7.3.3.1? ???? 
? ?????????????????????????(A) ?????????(B) 
?????????????????????????????Table 7.3??? 3?
????????????????(a)?????????????????????
??????????????????????(b)???????????????
??????????????????????????? 0.46 K/s???????
????????(3)??????????? 0.46 K/s ??????????????
??????????????????????????????????? Fig. 7.3
??????????????????????????????????????
????????????????????? 7.3.5.2 ???????? 
 
Table 7.3 Stress analysis conditions 
Condition Temperature distribution shown in Fig. 7.3(b) Two creep parameter in eq. (6.11) 
(1) 
0.24, K/s 0.24, K/s 
0.46, K/s 0.46, K/s 
0.78, K/s 0.78, K/s 
(2) 
0.24, K/s 
0.46, K/s 0.46, K/s 
0.78, K/s 
(3) 0.46, K/s 
0.24, K/s 
0.46, K/s 
0.78, K/s 
 
? ?????????????????????????????????????
?? 6.3.3????? Fig. 7.1???????????????1?????????
??????????? x ????????2 ?????????????????
? 7?   
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?????????????????  
 
7.3.3.2? ?????????????  
? ?????????????????????????????????????
????(HTI)????????? 6???(6.4)???????(7.3)?????????
??????????????????? 6.3.3.2 ????????????????
??????????????????  
??? ? ???????? ? ????????    (7.3) 
???????????????????THT ??? ZST ??????????????
??????????????????????????????????????
ZST??3?? Fig. 3.6?? 570 °C??????????????? THT??????
????????? 520 °C????? 
?4 ?? Fig. 4.6(b)?????????????????????????????
520 °C????????????????????????????????????  
??????????? 7.4.1.2????????????????????????
????????????????????????? 515–525 °C ????????
????520 °C????????????????????  
 
7.3.4? Al–5wt%Mg????????  
7.3.4.1? ???????? 
? ???? Al–5 wt %t Mg??????????????????????????
????????????????????????????  
????????????????????????????????????????? 
?????? ? ??? ? ?? ? ??   (7.4) 
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??????????????????????????????????????????
??????????????????????????????(?????? ? ?)?
???????????? 6.3.4.1 ?????????? 
 
7.3.4.2? ??????????????  
? ??????? 6.3.4.2?6.3.4.3 ??? 6.3.4.4 ????????????????  
 
7.3.5? Al–5wt%Mg?????????????????  
7.3.5.1? ?????????????????  
? ???????????????????????????????????
7.3.5.2 ???????Fig. 6.9 (a)?(b)???(6.8)???(6.9)???????????
??????????????????????????????Fig.7.4(a)?(b)??
?(6.11)? Norton–Bailey ??????????????????????????????
??????????? Fitting curve ?????????????????????
???????? ZST (570 °C)? 448 °C (???? ? ?? ? ?)?????[12]???????
??????????????????????????????????????????
???? Table 7.4??????????????????????????????
????????????? Table 7.1?????????????  
?
7
?
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Fig.7.4 Creep properties of Al–5wt%Mg alloy used in eq. (6.11) for three different cooling 
rates: (a) stress exponent n and (b) material parameter A. 
 
7.3.5.2? 448 °C(???)? 570 °C(ZST)????????????  
? ?????????????????? 6.3.5.2???????????????Fig. 
7.4 ???????????????????????????? 5 ???????
???????????????????????????Table 7.1 ???????
??????????????????????????????????????
0.24, 0.46 ??? 0.78 K/s ????????????????  
? Fig. 6.9 ???????????????????????? 6.3.5.2 ??????
?? Al–Mg ?????????????????????Al–Mg ????????
???????????????????? [15–17]??????????????
??????????????????????????????????????
???? 
7.3.5.3? ?????????????????  
? ???????????????????????????? 6.3.5 ??????
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????????????????????  
25 °C ? 447 °C(???????)???  ??????? 6.3.5.2 
570 °C(ZST)? 720 °C(??????)??? ??????? 6.3.5.4 
 
7.3.6? ?????????????????  
? 6.3.6?????????????????  
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7.4? ????? 
 
7.4.1? ???? 
7.4.1.1? ?????????????????? 
? Table 7.5??????????????? HTS????????????????
???????????????? HTS????????????????????
????????????[11]?????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????  
Table 7.5 Measured crack ratio of the test specimens and their solidification structures 
(Average of N4) 
Cooling rate, K/s 0.24 0.46 0.78 
%Crack ratio 21.6?8.6 32.2?9.3 61.7?5.7 
Grain size, ?m 643?19 599?14 588?55 
Secondary dendrite arm spacing, ?m 59.6 48.0 43.7 
 
7.4.1.2? ??????????????????  
? Fig. 7.5????????????????????????????????  
7.2.2????????????????????????????????????
???????? 0.24 K/s?0.46 K/s??? 0.78 K/s ???????????????
????????? 525 °C?520 °C??? 515°C ???????????? 7.3.3.2?
??????????????????????????(7.3)??????????
?? THT?????????? 520 °C???? 
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Fig. 7.5 First derivative of thermal load vs. time obtained under various cooling rate: (a) 0.24 
K/s, (b) 0.46 K/s and (c) 0.78 K/s. 
 
7.4.2? ????????????????????????  
? Fig. 7.6??????????????????????????????????
????????Table 7.3 ??????(1)???????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????? 2 ???????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
????????????Fig. 7.5????????????????? Fig. 7.6??
??????????0.78 K/s ????????????????????????
??????????????  
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Fig. 7.6 Comparison of simulated and measured load during the solidification at each cooling 
rate: (a) 0.24 K/s. (b) 0.46 K/s. (c) 0.78 K/s. (Crack initiation temperatures were determined 
from Fig. 7.5). 
 
7.4.3? ???????????????????????????? 
? ??????????????????????????????????Table 
7.3 ????(1)–(3)?????????????????????????????
????????????????(1)?????????????????????
??? Fig. 7.7 ???????????????????????????????
????????????????????????????????(7.3)????
??HTI ?????Fig. 7.8(1)–(3)???????????%Crack ratio ? HTI ???
????(1)–(3)???????????????????????????????
??????????????????????????????????????
????????????????????(A)????????(B)???????
????????????????????  
? ????????????????????????????????????
(Fig. 7.8(1))???%Crack ratio ? HTI??????? 0.91???????????  
? ??????????????????????????? 0.46 K/s ??????
(Fig. 7.8 (2))???%Crack ratio ? HTI??????? 0.96???????????  
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? ?????????? 0.46 K/s ???????????????????????
??????(Fig. 7.8 (3))???%Crack ratio ? HTI??????? 0.78??????
????? 
? ???????????????? 1 K/s ??????????????????
??????????????????????????????????????
??????????????????????????????????????
?????? 100K/s ?????????[18]??????????????????
? 2????????????????????????????????????
???????????????????????????  
 
Fig. 7.7 Contour plot of the maximum principal strain of the creep component of the test 
specimen at the end of the solidification calculated using analytical condition (1)  in table 7.3 
under various cooling rate: (a) 0.28 K/s, (b) 0.46 K/s and (c) 0.78 K/s.  
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Fig.7.8 Correlation between HTI and %Crack ratio. 
(1) Analysis using both temperature fields and constitutive equations corresponding to each 
cooling rate. 
(2) Analysis using temperature fields corresponding to each cooling rate and the constitutive 
equation of 0.46 K/s. 
(3) Using the constitutive equations corresponding to each cooling rate and the temperature 
field of 0.46 K/s. 
 
7.4.4? ????????????????  
? ?????????????????????????????????????
???Fig. 7.3(b) ??????????????????????? 520 °C(fs:0.908)
??????????????????Fig. 7.3(b) ???????????????
??????? 90 mm???????(????????)????????????
????????????Suyitno ?[1]?????????????????????
??????????????????????????????????????
??????????????????????  
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7.5 ?? 
 
? ????????????????????(i)???????????(ii)????
??????????????????????????????????????
??????????????????????????????? 
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????????????  
? ??????????????????????????????????????
????????????????????? 2????????????????
????????????????????????????? 
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? 8?? ?? 
 
? ? 1???????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????????????
DC(Direct chill)???????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
????????????? 
? 2???????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
????????????????????  
??????????????????????????????????????
??????????????????????????????????????
??–???????????????  
??????????????????????????????????????
??????????????????????????????????????
?????????????  
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????????????????????????  
? ????????????????–????????????????????
???????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????? 5000 ???????? Al–Mg ????????????????
??????????? 
?????????????–????????????????????????
????????????????????????????? 3 ??? 4 ??? 5
?? 
??????????????????????????????????????
?????????????????????? 6??? 7?? 
?????????????????????????? 4??? 6?? 
 
? ?????????????????????????????????????
??????????  
 
?????????????–???????????????????
????????????????????? 3??? 4??? 5?? 
? 3???? 5????????????????? Al–5wt%Mg??????–?
?????????????????????????????????????  
 
? 3???????????????????????????????????
??????????????????????????????????????
? 8?? ??   
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??????????????????????????????????????
????????????????????????????????(??????
??)????????????????????????????????????
??????????????????? 22 GPa ????????????????
???????????????????? 0??????????????????
????????????????–????????????????????????
?????????????? ? ?????? ?????????????????(???? ??
??)?????????????????????????????????????
??????? neff (=dlog???/dlog?)? 1?????????????????????
??????????????????????????????????????
??????2 K?????????????????? 
 
? ? 4???????????????????????????????????
??????????????????????????????????????
???????????????????????????????? neff 
(=dlog???/dlog?)???????????????  
? ?????????????????????????????????????
???? neff ????????????????????????????????
????????????????????? neff=2 ??????????????
70 %????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????? Flemings ??????????
? 8?? ??   
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????? 
 
? 5???????????????????????????????????
??????????? 0.24–0.78 K/s?????????????????????
??????????????????????????????????????
??????????? neff ?????????????????????????
??????????????????????????????????????
????????????????? Clyne–Kurz????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????  
?
????? Al–Mg???????????????????? 
????????? 6 ??? 7?? 
? 6 ??? 7 ???????? 3 ???? 5 ?????????????? Al–
5wt%Mg ??????????????????????????????????
????????????????????????????????? 
 
? 6 ???????????????????????????????????
??????????????????????????????????????
?????????????????????????? 4???????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
? 8?? ??   
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??????????????????????????????????????
??????????????????????????????? m?
(=dlog?/dlog???)???????????????????????????????
????????????  
 
? 7???????????????????????????????????
??????????????????????????????????????
???????????????????????????????????????
? 5??????????????????????????? 0.2–0.8 K/s ????
??????????????????????????????????????
??????????????????????????????????????
???????????????  
 
?????????????????????????? 4??? 6?? 
? 4????? 6?????????????????????????????
??????????????????????????????????  
???????????????????????????????  
???????????????????????????????????  
??????????????????????????????????
m(=dlog?/dlog???=neff)?????????????????????????????
????????????????????? 
  
? 8?? ??   
227 
 
??????????????????? 
???????????????????????????????????  
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????? 
 
??????????????????????????????????????
??????????????????????????????????????
??????????  
??????????????????????????????neff(=dlog???/dlog?)
???????????????????????????????????  
??????????????????????????????????????
??????????????????????????????????????
???????? 
 
?????????????????? m(=dlog?/dlog???)????????????
?? neff(=1/m)?????????????????????????????? m ?
?????????????? neff=2 ?????????????????????
????????????????????????????????  
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A1 ????????? Al–Mg ?????????
??????????????????????  
 
A1.1? ??  
? ? 4 ???????????? Al–5wt%Mg ?????????????
???????????????????????? [1]?????????
?????????? 480 °C ( f s :  0 .939)???? 20 %??????????
??????????????????? ???? ? ?????????????
????????????? 70 %??????????????????
??????????????????????????????????
?????????????????????????????????
??????????????????????????????????
????????? [2]????????????????????Fig.  A1.1
??????????????????????????????????
??????????????????????????????????
??????????????????????????????????
????????? [2]???????????????????????
?????????????????? [4]??????????  
?????????????????????????????????
??????????????????????????????????
?????????????????????? [4]??????????
???????  
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Fig.  A1.1 Schematic  representat ion of  the gra in s t ructures  in  the presence of  
grain boundary l iquid phase.  The presence of  a  l iquid phase is  one of  the 
possible  accommodat ions to  rel ieve the s t ress  concentrat ion by grain boundary 
s l iding a t  very h igh s t ra in rate  [3] .  
 
A1.2 ????  
??????????? 4 ?????????????????????
??????????????? –??????????????????
? ? ? ? ? ? ? ? ? ? ? ? ? Al–5Ti–B ? ? ? ? ? Al–5wt%Mg ? ?
AC7A(0.41%Mn–0.18%Fe–0.10%Si)??????????????????
????????????????????? Fig.  A1.2 (a)? (A)– (C)???
?? 450? 480? 530 °C (Schei l ??? :  0 .951? 0.939? 0.904)? 3 ?????
???????????????????????????? 4 ?????
??????????????? EPMA ???????????????
??????????????????????????????????
? (635 °C)????????? (448 °C)?????????? 0.46 K/s ??
??? 4 ????? –????????????????????????
?????????????  
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Fig.  A1.2 Elongat ion and effect ive power law coeff ic ient  n e f f  obtained in  the 
par t ia l ly sol idif ied s ta te  of  Al–5wt%Mg al loys .  
 
A1.3 ???????  
? Fig.  A1.3(A)– (C)???????????????? Mg ??????0 ?
? 17wt%(Mg ?????? )?????? (????? 17 ??? 35%???
??? )? (C)? 530 °C? fS :  0 .904?????????????? Mg ???
?????????????????????? Mg ??????????
???????????? Fig.  A1.1 (a)????????????????
???????????????????????????????????
????????????????????????  
???? (A)? 450 °C? fS :  0 .951?? (B)? 480 °C? f S :  0 .939???????
??????????????????????????????????
????????? Fig.  A1.3 ??? 480 °C ??????????????
Fig.  A1.3(B)??????Mg ??????????????????????
?????????????????????????? Al–Mg ????
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? Al–Fe–Mn ????????????????? 480 °C? fS :  0 .939???
???????? Mg ???? Fe,  Mn ????????????????
??????????????  
??????????? 133 ?m???????????????????
?????????????? 25%??????????480 °C ?????
??????????????????????????????????
??????????????????????????????????
???????????????????????  
???450 °C? fS :  0 .951???????????????????????
????????????????? 480 °C ?????????????
?????  
 
A1.4 ??  
? ? 4 ???????????????????? Al–5wt%Mg ?????
??????????????????????????????????
??????????????????????????????????
?????????????????????????????????
??????????????????????????????????
??????????????????????????????????
??????????????????????????????????
??????????????????????????????????
??????????????????????????????????
???  
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Fig.  A1.3 Concentrai ton dis t r ibut ion of  Magnesium in tes t  specimen quenched at  
each tempera ture (so l id  fract ion)  fo r  grain re f ined al loy.  
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